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How to Obtain Instrument ‘ 
With Proportioning Pumps 


By J. 


Proportioning pumps can be used as flow-rate controllers 
to good advantage, if the stroke and speed are known and 
controllable, and if the volume discharged by the pump is 
equal to its displacement. The discharge may be greater 
or less than the displacement, depending upon the rela- 
tionships between such parameters as rate of plunger 
displacement, friction losses in the suction-side and dis- 
charge-side piping, masses of liquor in both the suction 
and discharge lines which must be accelerated and de- 
celerated at each stroke, elevations of supply and discharge 
tanks, and so forth. The relationships between these 
factors, as they affect pump volumetric performance, are 

eveloped on a theoretical basis, and simple tests are 
devised which will enable an engineer to predetermine 
whether or not a proposed installation will be satisfactory, 
and which indicate what changes must be made to correct 
an unsatisfactory design. The conclusion is drawn that 
the range of conditions under which a proportioning pump 
will give satisfactory performance asa meter is considera- 
bly restricted so that a careful and thorough analysis of 
each proposed installation is essential. 


NOMENCLATURE 
= cross-sectional area of inside of suction-side pipe, sq ft 
cross-sectional area of plunger, sq ft 
instantaneous acceleration which liquid in suction-side 
piping would attain if not restrained by plunger, fps 
per sec 
instantaneous acceleration of the plunger, fps per sec 
instantaneous acceleration which is required of column 
of liquid in suction-side piping to satisfy rate of with- 
drawal of plunger, fps per sec 
inside diameter of suction-side piping, ft 
total force which must be applied to column of liquid in 
suction-side piping to overcome force of friction, Ib 
total force which must be applied to column of liquid in 
suction-side piping to overcome inertia of mass, lb 
total force exerted at pump end of suction-side piping 
by static head of liquid in pipe and supply tank, lb 
friction factor in Darcy equation; it is a function of Reyn- 
olds number and condition of pipe 
elevation of supply above pump, ft 
head loss due to friction in suction-side piping, ft 
actual length of line in suction-side piping, ft 
= equivalent length of line in suction-side piping; equiva- 
lent length of straight pipe which would have same 
friction loss as existing pipe and fittings, ft 


The following nomenclature is used in the paper: 
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= mass of liquid in suction-side piping, slugs wry — 

= speed of pump, strokes per sec Ghd Soa 

= pressure applied to surface of liquid in supply tank, psia 

= vapor pressure of liquid at existing temperature, psia 

= total pressure on downstream side of discharge valve; 
pressure tending to close valve, psia 

= pressure within pump cylinder tending to open the dis- 
charge valve, psia 

= pressure loss due to friction in suction-side piping, psi 

* = total volume displacement of plunger per stroke; prod- 

uct of cross section and stroke, cu ft 

= instantaneous average velocity in suction-side piping, 
fps 

= instantaneous velocity of plunger, fps 

= instantaneous velocity required of column of liquid in 
suction-side piping to satisfy rate of withdrawal of 
plunger, fps 

angular distance of crank from beginning of suction 
stroke, radians 
p = density of liquid being pumped, pef 


Primed (') symbols apply to discharge side of pump. 
Unprimed symbols apply to suction side of pump. 


INTRODUCTION 


In recent years the process-control engineer has become more 
and more aware that the controlled-volume pump is, in fact, an 
automatic control device and as such commands his interest to 
the same extent as instruments, valves, and other process-control 
mechanisms. It is therefore important that he understand the 
complete range of usefulness of these pumps and, what is more 
important, that he fully comprehend the laws governing their 
operation, in order to be fully cognizant of their limitations. It 
is important, too, that the manufacturer and his sales representa- 
tives realize that certain basic conditions must be satisfied in 
order that a metering pump actually can control liquid flow rate 
with acceptable accuracy. 

Methods of combining these pumps with various types of other 
control devices and auxiliary apparatus to perform a wide variety 
of control functions is covered adequately in the technical as well 
as in manufacturer's literature. This paper, therefore, is con- 
cerned only with the limitations of these pumps as flow con- 
trollers, or perhaps more correctly stated, with the factors which 
must be determined and evaluated and the laws which must be 
observed in order to insure satisfactory performance from a 
given installation. Instrument-type flow-rate controllers meas- 
ure and control some physical quantity which is directly asso- 
ciated with the phenomenon of fluid flow. The metering pump, 
on the other hand, controls plunger displacement and frequency 
of operation. It is assumed that the product of these two factors 
is equal to the volume of liquid discharged. It is the purpose of 
this paper to examine the range of conditions under which this 
assumption is valid. 

How THe Pump Functions 


As in the case of instruments and other control devices, the 
limitations usually do not originate in the construction and de- 
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rign of the unit itself, but in the conditions associated with its 
installation. The problem can be illustrated by reference to Fig. 
1. During the suction stroke, the plunger is withdrawn from the 
cylinder, thereby creating a change of volume within the system. 


VOLUME DISPLACED 


This change of volume, as a function of time, is shown as curve 
Satisfactory operation of the pump as a flow controller re- 
quires that liquid must flow into the cylinder from the suction 
side at a rate which, at every instant, will equal the plunger dis- 
placement. If this condition is met, the curve representing the 
volume of liquid flowing into the cylinder will exactly coincide 
with curve (a) and the pump will function satisfactorily. On the 
other hand, if at any time during the suction stroke the rate of 
flow of liquid through the suction-side piping is less than the rate 
of change of plunger displacement, a vapor pocket will be formed 
within the cylinder. In this case the volume flowing through 
the suction-side piping may be represented by curve (6) or by 
curve (¢). 


(a). 


Curve (6) represents the condition wherein the cylinder is only 
partly filled at the end of the suction stroke. In this case the 
volume discharged during the discharge stroke will be less than 
the plunger displacement, thereby making an unsatisfactory in- 
stallation. 

Curve (c) represents the case in which the flow of liquid into 
the cylinder is at a slower rate than the rate of change of displace- 
ment during most of the suction stroke, but which catches up 
with the displacement as the plunger slows down toward the end 
of its stroke. Just prior to the instant when the two volumes 
become equal (A on the curve), the velocity of liquid in the suc- 


tion-side piping is greater than the rate of change of Gaylene 


ment. Consequently, at instant A the liquid column is deceler-_ 
ated rapidly from an energy level proportional to the square of 
the slope VA to the lower level proportional to the square of the 
slope MA. The resultant release of energy will create a high 
pressure within the cylinder which may be greater than the pres- 
sure on the discharge valve, a condition which will cause liquid 
to be discharged even though the pump is still in its suction 
stroke. In this case the volume discharged by the pump will 
exceed its displacement. 

The rate at which liquid is flowing through the suction-side 
piping, at any instant, is in no way related to, or determined by, 
the design of the pump, but is determined entirely by the various 
physical forces acting on the column of liquid itself, 
forces which this paper will undertake to evaluate. 

Conditions different during the discharge 


It is these 


are somewhat 
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stroke. Here the piston imparts energy to the column of liquid 
in the discharge line. This energy reaches its maximum value 
when the crank reaches its 270-deg position. Thereafter the 
piston decelerates to zero velocity at the end of the stroke. 
The rate at which the liquid column decelerates depends upon the 
rate at which its energy is dissipated within the discharge piping, 
and bears no relation to the design and operation of the pump. 
If at any time during this second half of the discharge stroke the 
rate of dissipation of energy is such that the deceleration of the 
liquid column is less than that of the plunger, the excess energy 
will cause liquid to flow into the cylinder from the suction side, 
even though the pump is stil] in its discharge stroke. In this case 
the volume discharged will be greater than the displacement. 

From these observations it becomes evident that in order to 
determine whether, in a given installation, the volume discharged 
by the pump will be exactly equal to the displacement, it is neces- 
sary to study the relationships between various forces acting 
within the system, which relationships must be determined from 
the known physical parameters of the suction-side and discharge- 
side piping. 

In the discussion which follows, the motion of the plunger is 
assumed to be sinusoidal. This, of course, is not strictly true, 
but since the actual equation of motion is different with every 
manufacturer, and since it was impractical to analyze them all, 
this simplifying assumption seemed permissible since the error 
is small. It is hoped that this paper will chart a course which 
can be followed by an exact analysis by each manufacturer as it 
applies to his own particular machine. 


First Hauer Sucrion SrrokE—O To 90 Deg 


During the first quarter-cycle, it is necessary that the column 
of liquid in the suction-side piping be accelerated at a rate suffi- 
cient to keep the cylinder completely filled with liquid as the 
plunger is being withdrawn. Consequently, it is necessary to 
compare the acceleration which the liquid column will experience 
due to the forces acting upon it, with the acceleration required 
to satisfy the rate of plunger withdrawal during every portion of 
this part of the cycle. The forces opposing the acceleration of the 
liquid column are (1) the force required to overcome friction 
losses, and (2) the foree required to accelerate the mass. These 
forces are balanced by those resulting from the differential pres- 
sure applied to the column. 

The pressure loss due to friction in the suction-side piping, in 
feet head of liquid, is given by the Darcy equation as 


The foree which must be applied to the column to overcome 
this friction is 


therefore 
iL, 
J 


The force on the column required to accelerate the mass of 
liquid in the column is 


+ + = 
te 
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The total mass M], of liquid in the column is given by 


Lp 
4g 


M = {6} 
Since the total force which must be overcome to produce ac- 
celeration is the sum of F, and F,, we have 
pa de (= “) 
8g dt 4g 
The actual total force applied to the liquid column is made up 
partly by the static head of the liquid and partly by the difference 
in absolute pressures applied to both ends of the column. With 
a given pressure applied to the tank end of the line, the maxi- 
mum differential pressure is developed just as flashing occurs 
within the cylinder in which case the absolute pressure at the 
pump end of the line is the vapor pressure at the existing tem- 
perature of the liquid being pumped. 
The force due to the static head of liquid is given by 
D*ph 


The total force applied to the column then is 


1440 


Equating {7} to [9] 


+ (P, ra = 


From this expression the acceleration of the liquid column 
as a function of time can be derived. This would express the 
acceleration of the liquid column if it were permitted to flow 
freely. However, when connected to the suction of the pump, 
the acceleration is limited by the rate of withdrawal of the 
plunger. The acceleration of the liquid column can, therefore, 
be less than that due to plunger displacement, but it cannot be 
greater. Therefore, since the acceleration of the column is not 
determined by the combination of forces represented by Equa- 
tion [10], it is not possible to write a general expression for the 
acceleration in the time domain. 

However, if (dv,)/(dt) is replaced by a,, we obtain 


1447D*| ph rD* pL 
+ (P, — a, 4 
g 


4 144 
(11) 
+ (P, 


Since time ¢ does not appear as a factor in this equation, we 
find that the acceleration of the column, at any instant, is a func- 
tion only of the velocity of the column at that instant, when the 
constant force represented by the left-hand side of Equation 
(10| is applied to it. 

In order for the pump to meter accurately during this quarter- 
cycle, that is, in order that the cylinder be filled completely 
throughout this portion of the stroke, it is necessary that this ac- 
celeration of the liquid column be equal to, or greater than, the 
acceleration required to satisfy the rate of change of volume within 
the cylinder caused by the piston withdrawal. Therefore it is 
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dv, 
. [10] 
+ 4g [ 


D* | ph 
4 144 
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from which 


144g] ph 
L144 
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necessary to determine the acceleration of the liquid column 
which is required to satisfy the plunger motion, and in order 
that this required acceleration can be compared directly with the 
actual acceleration, as given by Equation [12], it must be ex- 
pressed as a function of the velocity of the column. 

The volume displacement of the plunger is given by 


V =A,S dt. 


Substituting Equations [14] and [15] into [13] 


Aye sin N edt 
os 2a Nt 
A, 2nN | [ 


oy 


from which 


Therefore the instantaneous velocity of the plunger is given 
by substituting Equation [18] into [i4) 


mV N 
»= 


The velocity of the plunger can be translated into the velocity 
of liquid in the line from the relation 


from which 


Substituting Equation [21] into [19], we obtain an expression 
giving the velocity as a function of crank position, which the 
liquid column must attain to keep the cylinder filled 

sin2ae 

The acceleration which must be imparted to the liquid column 

to keep the cylinder filled is given by 


Thus from Equation [22] 


N 
cos 2x Ni = 


ay, = cos Nt. . [24] 


To transfer this function to the velocity domain, cos @ must 


be replaced by an equivalent velocity term. 
From Equation [22] 


Also 


sina = V1 — costa 


Combining Equations [25] and [26] and squaring 


* 


: 
4 
13 
4 
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= 


v 


Squaring Equation |24) 


2 
a," = 42 


from which 


[30] to |28] 


from which 


Since v,; is exaetly equal to the velocity in the line so long as the 
cylinder is filled, eo, may be substituted for r,,, in which case 

Curves of both a; and a,, are plotted as functions of the liquid 
velocity in Fig. 2. Curve IL represents a,).. Curve IL represents 
a, with constants so chosen that both functions have the same 
acceleration at the beginning and at the end of the first quarter- 
evele. In this case the cylinder would not be filled with liquor 
during any portion of this period. In curve ILL the constants of 
a, are chosen so that both systems have the sume acceleration at 
the beginning of the stroke, but a, is higher at the end of the 
stroke. This represents a condition in which the cylinder would 
be only partly filled until the 90-deg position is nearly reached 


r? 


[34 
16 


For curve IV the constants are so chosen that a, has a Righer 
value than a,, at the beginning of the stroke, becomes lower than 
a,, during the middle of the stroke, and then again becomes higher 
toward the end of the stroke. Curve V represents the only satis- 
factory combination in that a; is greater than a,, all the way from 


0 to 00 deg. 


< 


ACCELERATION AND (4) 


Fig. 2) Acceteration Curves or PLuncer Liqutp 
(Curve I, acceleration required of the liquid column in the suction-side 
piping to satisfy rate of plunger withdrawal. Curves II to V, acceleration 
of liquid in suction-side piping due to forces acting on the liquid colums 
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The tedious task of plotting these two curves to obtain a solu- 
tion can be avoided by analyzing Equations {12} and [54] di- 
rectly. To determine whether a, 2 a,, for every value of », pro- 
ceed as follows: 


1 Determine whether the two curves cross by setting a, equal 
to a,, and solving for %. If the roots are real, the curves do cross, 
and the cylinder will net be full during the entire quarter-cycle, 
making an unsatisfactory installation. If the roots are imagi- 
nary, the curves do not cross, in which case a, may be greater or 
less than a,,. In this case it remains to be determined whether 
the curve of a, lies above or below a,,;. To do this, the following 
is necessary : 

2 Set v, = 0 and solve for both a, and a,,._ If a; is greater than 
a,,, and if the curves do not cross, the cylinder will be full through- 
out the entire first quarter-cycle, If a,, is greater, the cylinder will 
not be full during any portion of the first quarter-cycle. 


Obviously, if these tests indicate that the proposed installation 
will be unsatisfactory, it will be necessary to change the constants 
of the suction-side piping or the speed of the pump. 


Seconp Hace or Suction Srroke—0O vo 180 Deg 


During this portion of the stroke, the plunger, and, therefore, 
If the re- 
sultant pressures developed within the cylinder exceed the static 
pressure in the discharge line, liquid will flow through the pump 
and out of the discharge valve even though the pump is still in its 
suction evyele. 


the suction-side liquid column, is being decelerated. 


In this case, of course, the pump will discharge a 
volume exceeding its displacement. 
The pressure seating the discharge valve is given by 
ph’ 
P, = 144 + Py (35 | 


ie, 
36) 


In order for the discharge valve to remain seated during the 
entire portion of this quarter-cycle, Py 2 P, or 


The pressure tending to unseat the discharge valve is 


ph I SL pe? Lp dr, 
144 2889D 


dt 
ph +P Lp dv, 
144 ' 144g dt 
From Equation [24] 
dv, 
= cos @ 
dt A 


From Equation |22) 


= sin 


Substituting Equations [38] and [39] into [37] 


V* N* sinta 
288¢D A? 
Lode? V 


(40) 
4494 a 


Since the right-hand member is constant, it is necessary only 
that it exceed the maximum value of the left-hand side, This 
maximum value will occur when a@ = @ at which time the third 
term becomes zero, and the fourth term becomes 


Lp 


\ 
‘ 
4m? N? 
or 
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hp 
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refore it is only necessary to check the condition 


ph N?V _ ph’ 


> 
144 144 9A +P 


144 


Obviously, if this check indicates an unsatisfactory combination, 


it can be corrected by changing conditions on either the suction or 
discharge sides. However, if the suction-side conditions are 
changed, it will, of course, be necessary to recheck these condi- 


; tions on the basis of Equations {12} and [34]. 


180 To 270 Dea 


During this portion of the cycle, the liquid within the cylinder 
is under pressure, and it has no choice but to flow into the dis- 
charge line. Consequently, the volume discharged is exactly 


Tarrp 


~ equal to the plunger displacement. 


Fourts Quartrer-CycLe —270 ro 360 Dea 


During this portion of the cycle the plunger is being deceler- 


- ated by the crank, and the column of liquid in the discharge pip- 


ing is decelerating, owing to the dissipation of its own kinetic 
energy. If the plunger decelerates faster than the column of 


liquid, the pressure within the cylinder will fall below the pres- 


sure on the line side of the suction side check valve. 


This will 


- cause fluid to pass through the cylinder from the suction side 


even though the pump is still in its discharge cycle 


In this 


case the liquid discharged by the pump will exceed the dis- 


placement. 

The development of the relations between the forces acting 
during this portion of the cycle follows that for the first quarter 
cycle. Here, however, the minimum pressure permitted within 


_ the cylinder is not the vapor pressure (P;) but the pressure at 


which the suction side check valve will open or ph/144 + P,. 
The deceleration of the liquid column is therefore given by 
Sf’ L,' 
2D’ L’ 


144 
[42] 


aq; = —h) + p (P; 


Since the deceleration of the plunger between 270 and 260 deg 
_ is equal to the acceleration between 0 and 90 deg, from Exjuation 
(34) 


{43} 


In order that no liquid flow past the intake valve during this 
portion of the cycle it is necessary that a,’ 2 a,,’ throughout this 
entire quarter-cycle. In order to determine if this is the case: 

1 Determine whether the two curves cross by setting a,’ 
equal to a,,’ and solving for »,’. If the roots are real, the curves do 
cross, which indicates that during a portion of this quarter-cycle 
a,,' exceeds a,’ a condition which will cause liquid to flow through 
the suction-side valve thereby making the installation unsatis- 
factory. If the roots are imaginary, the curves do not cross, but 
it remains to be proved that a,’ is greater than a,,'. To do this: 

2 Set equal to zero and solve for both a,;' and a,’. If a,’ 


is greater than a,,’, the installation will be satisfactory. 


Destructive Errecrs or Cavitation 


While this paper is primarily concerned with the use of recipro- 
cating pumps as metering devices it should be noted that the 
phenomenon studied is a form of cavitation and, therefore, is 
destructive to the system with which it is associated. 

The collapse of a vapor pocket which has been formed within 
the cylinder obviously will release a large block of energy which 
must be absorbed by the pump and piping. Therefore an in- 
stallation which is unsatisfactory as a metering unit also can be 
expected to cause (1) leaking pipe joints and, in some cases 
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ruptured pipes; (2) packing-gland leakage and excessive gland 
maintenance; (3) excessive crank and crosshead-bearing wear; 
and (4) check-valve destruction. These destructive cavitation 
forces apply to any reciprocating-pump installation regardless of 
the requirements for volumetric efficiency 


CONCLUSION 


This analysis indicates that the installation of a so-called 
“controlled-volume”’ pump provides no assurance that the vol- 
ume of liquid discharged by the pump will be equal to its displace- 
ment. More accurate terminology might be “adjustable vol- 
ume” pump. The pump can be used as a flow controller only if 
the engineer designing a given installation rigidly imposes the 
necessary restrictions on his design. If these limitations are not 
observed, the pump may discharge either more or leas than the 
displacement. 

Mention should also be made of the rather obvious restriction 
regarding suction-side and discharge-side heads. It is self-evi- 
dent that (ph'/144 + P,') must always exceed (ph/144 + P,). 

Mention should also be made of the occasional use of spring- 
loaded discharge valves. These, of course, would alter the rela- 
tions developed within this paper. This case can be included 
readily in this analysis, providing the pressure required to unseat 
the valve is known. 

The analysis covered by this paper applies to the duplex pump 
also, either the type in which the two pistons are in phase or the 
type in which they are 180 deg out of phase. Triplex or quad- 
ruplex pumps are less common and are not covered by this paper. 


Discussion 


J. R. Hercer.? The objective set by the author is to predict 
the conditions limiting accurate performance of a proportioning 
pump in terms of basic variables for the system. The problem is 
complicated by the fact that no steady-state flow conditions are 
reached. For this reason it is necessary to solve a general expres- 
sion for instantaneous conditions for successive points through a 
complete cycle. For convenience it is desirable to determine the 
fewest possible points that will define satisfactory conditions, 

Possibly the lack of a steady-state equilibrium is the reason for 
very few formulas in engineering literature applying to recipro- 
cating pumps in comparison with rotary pumps of various types, 

A proportioning pump is a reciprocating pump required to de- 
liver an accurately reproducible volume of liquid for a given dis- 
placement. It is particularly important, therefore, to be able to 
determine under what conditions an ideal reciprocating pump 
would be unable to deliver liquid exactly equivalent to its dis- 
placement. 

An ideal pump would have no valve slip due to delay in seating 
when the plunger changes direction, as well as a perfect seal in 
the valves and stuffing box. An actual pump will approach 
closely the ideal under proper conditions. Some valve slip is 
unavoidable and will vary slightly from one liquid to another 
with changes in density and viscosity. Accordingly, the accuracy 
is taken as the reproducibility of performance with a given liquid 
in maintaining a constant volumetric efficiency. 

The author arrives at three critical points where the volumetric 
efficiency of a pump is most likely to be upset. From a complete 
knowledge of operating conditions and basic pump data it is pos- 
sible to predict whether or not a given installation can be ex- 
pected to work or whether uniform volumetric efficiency is out of 
the question. 

Many of the author's statements cannot be emphasized too 
strongly. Of particular importance is the fact that during the 
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suction cycle any pump is completely dependent on externa! 
forces driving fluid into it. This is true of every pump since a 
liquid supports no appreciable tensile stresses. Another point 
which frequently is overlooked is the importance of inertia. Thi- 
is a severe limitation for reciprocating pumps generally and for 
proportioning pumps in particular. Owing to high capacity 
and steady flow, friction is the main limitation for rotary pump= 
and can be calculated by simple procedures. For the intermittent 
flow from a proportioning pump, inertia forces are considerable 
Friction is generally secondary and is difficult to determine using 
conventional procedures. 

Probably the importance of the external forces needed by a 
proportioning pump to maintain its volumetric efficiency is not 
fully realized because most engineers are more familiar with 
centrifugal or turbine pumps. As the author points out, these 
forces are required not only to produce flow into the pump but 
also to stop flow away fromthe pump. Therefore the discharge 
eycle must be considered as well as the suction cycle. 

In Equations [1] through [12] the author sets up an expression 
for the maximum available external driving force. Since this 
always would be balanced by frictional resistance and inertia at 
its maximum instantaneous value a complete balance can be set 
up as in Equation [10). This is a cavitation-force balance 
Equation |12| rearranges this balance to express the maximum 
rate at which flow can change for any given velocity. Thus 
a, is the instantaneous free acceleration of liquid moving with 
velocity », into a region maintained at the vapor pressure of the 
liquid instead of into the pump cylinder; or it also can be con- 
sidered the value of acceleration of flow into the cylinder when 
the plunger is moving back faster than the liquid can follow. 

Equations [13] through [34] derive a similar expression for 
flow equivalent to the motion of the plunger which, in Equation 
[14], is assumed pure harmonic motion, Assuming the evlinder 
remains full, the acceleration required by the pump can be ex- 
pressed as a function of liquid velocity. 

Equation [33] can be obtained directly from the basic expres- 
sions for harmonic pump flow. Using Equations [15], [22], and 


[24] and replacing A with rD* 4 gives 


sin 


ay, = 


since 


= 


This is in the general form for an ellipse 2? a? + y? 6? = 1, al- 
though proper choice of seales for unit values of r and a will give a 
circular plot as in Fig. 2 of the paper 


Solving for a,, 


WN 


a, = y t 


2 


a, = \ 
The cavitation curves IT through V in Fig. 2 are in a general 
parabolic form y = a-br*. It should be noted that both the 
pump-flow ellipse and the cavitation parabola are potential flow 
paths 

Real flow at any given velocity will follow the path of least re- 
sistance due to inertia, Acceleration will correspond to which- 
ever value is smaller, a; or a,). 


To save unnecessary calculation it would be logical to per- | 
form step 2 first and perform step 1, determining if the roots are 
real or imaginary only after checking the condition 
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where S is the correction for a,, (max) due to the actual sinusoidal - 
motion of the plunger 

Multiplying both sides of this expression by D® gives a form 
showing the pump factors on one side and the installation varia- 
bles on the other. 

Requirement at 0 deg 
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The most significant installation factor in satisfactory initial 
operation will be having D large enough and L small! enough for 
the existing pump, pressures, and head. In regard to pump de- 
sign, since a given capacity VN is required, the right-hand side 
varies with N and not V*. However, a large slow-speed pump 
will perform more accurately under conditions of limited driving 
force than a smaller high-speed pump. In comparing pumps of 
equal capacity for service on liquefied gases, for example, where 
P, P, = 0, a pump operating at 30 strokes per min will re- 
quire one half the driving force of one operating at 60. How- 
ever, the proper location of the pump and size of line has even 
more to do with balancing low values of h 

In equating the expressions for pump and cavitation flow to 
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see if they cross, the expression for » reduces to the general form 
ar' + br? + ¢ = 0, a, b, and ¢ representing numerical quanti- 
The complex expression represented by a contains f*, and 
The assumption is implied that f remains constant 


ties. 
6 contains f. 
with rv, or can be expressed as a function of v,. In borderline cases 
the value of f may determine whether the final expression has a 
positive or negative quantity under the radical signs. 

Some discussion of evaluating f is necessarily within the scope 
of the paper. For strongly turbulent flow in rough pipes f may 
be assumed constant and can be determined to one significant 
figure for a given velocity, liquid, and line from an empirical curve 
of f versus Reynolds number. An estimating value such as 0.04 
would define a reasonably accurate curve only when vp; has maxi- 
mum values well above the lower critical velocity for the liquid 
and line size. If vp) (max) is more than 5 times the critical 
velocity (Re = 10,000) the cavitation curve could be assumed 
virtually a pure parabola in the form y = a— bz*. 

The comparatively low flow rates for proportioning pumps 
and the frequency with which viscous liquids are handled do not 
give very large Reynolds numbers. Below critical velocity the 
cavitation curve is a straight line expressed by the Hagen-Poi- 
seuille equation, and in the region just beyond critical velocity 
there is no reliable mathematical expression for friction as a simple 
function of velocity which would define the cavitation curve. 
A typical condition where vp; (max) is about twice the lower criti- 
cal velocity at which flow changes from streamline to turbulent 1s 
shown in Fig. 3 of this discussion. 

During the second half-suction stroke the liquid must be de- 
celerated without causing the discharge valve to open. Since at 
the start velocity is at maximum, friction forces can assist stati 
forces in bringing the column of liquid to rest. This friction term 
declines as the velocity decreases and the minimum value of the 
decelerating force will be the static differential pressure 
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If this is greater than the inertia force at maximum the liquid will 
decelerate without opening the discharge valve and delivering 


more than pump displacement. anes 
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The limiting conditions at 180 deg can be written as follows: 
Requirement at 180 deg (pressure ) 


The minimum decelerating potential, total available static dif- 
ferential, must be larger than inertia forces at maximum. This 
pressure expression resolves to the same general form as that 
from equating a; and ap, for v, = 0, to check if the first quarter- 
7 7 vele can start without cavitation. 
Requirement at 180 deg (head) 
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The third quarter-cycle resembles the first quarter-cycle. 
However, the driving force required to overcome friction and 
inertia and produce flow from the pump is provided by the pump 
itself. This is in the form of increased pump pressure P over 
the static term P;’ + ph'/144. The result is a peak power load 
but it does not threaten volumetric efficiency. 

The fourth quarter-cycle 270 to 360 deg resembles the second 
quarter-cycle 90 to 180 deg, and with the similar requirement 
that the cylinder pressure remain above P; + ph/144 so that 
liquid will not flow through from the suction side of the pump and 
cause overdelivery of liquid. The limiting condition becomes: 

Requirement at 360 deg (pressure ) 
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The only difference between 180 deg and 360 deg is in the respec- 
tive values for L and D for the suction and for the discharge lines 


in the factor D*/L. 
Requirement at 360 deg (head) 
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For uniform volumetric efficiency the external discharge pres-— 
sure and head must be sufficiently larger than suction-side static 
forces to decelerate the liquid even when there is no friction force 
to help and the deceleration is at maximum. In this case not 
only should step 2 be taken first, but step 1 does not appear to 
supply any additional information. 

The grossly destructive effects of cavitation can be compared 
to water hammer caused by a quick-closing valve and a long 
column of liquid in motion. If a condition oceurs as shown in 
curve 6, Fig. 1 of the paper, where the cylinder is only partly 
filled with liquid at the end of the suction stroke, there will be no 
instantaneous change in pump pressure at zero velocity as when 
the cylinder is full of incompressible liquid. 

The discharge valve will remain closed until an appreciable 
crank angle is passed through and the vapor is compressed to 
Py’ + ph'/144. At this time the entire mass of liquid in the dis- 
charge line must then accelerate from rest to the value prp,’. 
This abrupt change in motion requires a high value of a, and a 
shock load will develop when the pump applies this acceleration 
to a considerable mass of fluid in the discharge line. Frequently, 
the load is far in excess of norma! design loads and when repeated 
with each revolution of the pump leads to rapid breakdown, 
This is analogous to a quick-closing valve shutting off in the face 
of a moving liquid column. If the column is long enough the 
pipe will break. A pump with a short line can cavitate without 
immediate damage but with sufficient: mass of liquid the condi- 
tion approaches that of pumping against a closed valve. 

The cure for this shock-load condition is obvious. A surge 
chamber, preferably a gas-loaded bladder type, in the discharge 
line will eliminate the need for a virtually instantaneous change 
in velocity of the entire column of liquid exactly as in the case of 
the quick-closing valve. However, the important thing is to pre- 
vent cavitation and maintain uniform volumetric efficiency which 
ean be done by putting the surge chamber in the suction line. 
If the flow in the lines can be brought to a more nearly steady 
equilibrium, the maximum value of v, will approach an average 
value vy; /m as a limit for a simplex pump. 

Thus, for a simplex pump, friction could be reduced to ap- 
proximately '/; to '/i of its original value depending on whether 
flow is streamline or turbulent. As v, approaches a uniform aver- 
age value all the inertia loads approach zero and the pump will 
operate with the internal cylinder pressure P very nearly con- 
stant at P; + ph/144 during suction and at P,' + ph’/144 during 
discharge. 

As the chamber will not be effective in changing », in the 
length of line between itself and the pump, the chambers will 
sive maximum effect in reducing inertia and friction when in- 
stalled as close as possible to the pump. 

To establish definitely that cavitation does not take place dur- 
ing the entire first quarter-cycle, it is necessary to determine the 
maximum value of friction and inertia in combination. 

The general condition to be met for any angle between 0 and | 
90 deg is as follows: 

0 to 90 deg general 
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To determine f it is necessary to find the Reynolds number for 
maximum velocity. If this Reynolds number is less than 2000 
the Darcy expression uses 64/Re for f and reverts to the Hagen- 
Poiseuille formula where triction is linear with velocity, Ii the 
Reynolds number for rp max) is sufficiently far in the turbulent 
region for variation in f to be insignificant with respect to varia- 
tions in v,,*, it to assume f constant. For Re 
greater than 10,000 this condition ix approached as an idea! 
limit by jarge pumps 


is satisfactory 


For normal pump capacities, line sizes, 
and liquid viscosities and densities, the Reynolds number cor- 
responding to vp; max will be in the region of streamline flow or 
not greatly beyond. The Reynolds number is given by Re = 
where is absolute viscosity in lb-sec ft units consistent 
with p. The maximum Reynolds number, Re(max) = 4 V Np 
Dy. Since VN is so small, “ideal” turbulent flow is rare and 
may never be fully established. 

The writer's procedure for finding the maximum combined 
value of friction and inertia is to determine the type of flow 
conditions from Re(max) and evaluate frietion at maximum, 
sin @ one, and assume this maximum friction loss is reached by 
increasing as sin a or sin® a according to the type of flow, As- 
suming the former gives a conservative working basis for any 
flow condition. 

When Ref max) is below 2000, flow can be taken as viseous for 
the entire quarter-evele. The general expression assumes the 
following: 

0 to 90 deg general streamline flow 
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The right-hand side has the general form ¢ (a sin a@ + 6 cos @ 


P, — P. 


For any values of a, 6, ¢, and @ the maximum value is ¢y/a? + /°. 
The condition for cavitation to be impossible becomes: 
0 to OO deg limit Re < 2000 


\ D 2 


This method has the advantage of determining directly the 
excess driving force in psi (equivalent to NPSHL) and gives the 
safety factor in the system by taking the difference. Generally, 
the difference between the maximum available driving force and 
the combined load should, if possible, be equal to P, to allow tor 
pump entrance and valve losses and unfavorable changes in 
If not, temperature control and special 
valve design would be indicated to maintain a good safety factor. 
For Reynolds numbers over 10,000, ideal conditions may be 
assumed and f taken constant. 


ambient temperature 


This is the limiting case for in- 
In this case f is taken from empirical 
handbook values allowing for pipe roughness at the average 
Reynolds number, 2/4 Re(max), for the quarter-cycle. This 
appears the most reasonable value to use. 

The right-hand side of the general expression for 0 to 90 deg is 
now in the form (a, sin? a + & cos a) which has a maximum 
b,/2. When a, > 6, /2 the maximum value 
+ da, ). 

The limiting condition for strongly turbulent flow becomes: 
0 to 90 deg limit Re > 10,000 
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having a greater value than inertia at maximum. 
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where 


FLDXS). R 
> 2L,V for Re( max) 

With Reynolds numbers between 2000 and 10,000 for v,)( max) 
the friction term cannot be evaluated reliably by a general ex- 
pression. The most unfavorable assumption is that friction will 
increase to its calculated maximum based on f at Re(max) as a 
function of sin @ rather than sin*a, since sin @ is always greater 
between O and 1. The result is to compensate for increase in f 
at Reynolds numbers below maximum and agree with the known 
condition that flow always must start in the streamline region 
and increase faster than sinta when cos @ is close to its maximum 
value. Actually, thie assumption overcorrects for increase in f 
and gives a safe method for evaluating the combined maximum of 
friction and inertia. Taking f for Re(max) from empirical hand- 
book data and assuming it constant with sin a, gives the general 
form sin a@ 
ay ‘a? +*. The final possibility for limiting conditions to pre- 
vent cavitation for 0 to 90 deg will then be as follows: 

0 to 90 deg limit 2000 > Re < 10,000 


+ bh cos a@), having as its maximum value 
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f taken at Re(inax ). 

Assume pure harmonic motion is satisfactory in calculating 
v,(max) for Reynolds numbers and friction forees. For pumps 
of normal design the correction is only a few per cent above har- 
monic values at maximum. Since f and viscosity are not estab- 
lished to any greater degree of precision, correction of »,,(max) 
for sinusoidal motion can be omitted. Although the amplitude 
of the velocity curve is not changed the slope is greatly altered 
by the swing of the connecting rod and values of a,, should be 
corrected for sinusoidal values as shown by S, for proper maxi- 
mum values of the inertia term. The correction for a,,(max) can 
be obtained by substituting (1 + 8s/2r) for cos a = 1 at 0 and 
360 deg and (1-8 /2r) for cos @ at maximum at 180 deg, where s is 
the stroke length of the pump and r the connecting-rod length 
in consistent units. For 0 to 90 deg limiting conditions, S is 
squared in some cases as shown, 

In conclusion, there are three simple basic inertia require- 
ments easily determined at 0, 180, and 360 deg; if these are met 
there is the further requirement that combined friction and 
inertia during the first quarter cycle shali not cause cavitation by 
If friction at 
maximum is less than inertia at maximum the combined require- 
ment cannot exceed 4/2 times the requirement at 0 deg. For 
small pumps and viscous liquids, friction may exceed inertia. 
In this case the combined requirement approaches +/2 times the 
requirement at 90 deg as a limit by combination of two harmonic 
components 90 deg out of phase. 

Assuming the cylinder remains full gives a means of deter- 
mining the magnitude of the forces required for each at maximum 
and the type of flow a basis for estimating the probable peak with 
For most proportioning pumps the 
assumption of linear increase of friction to maximum is the best 
way to determine the NPSH of the system in view of limited 
data for frietion under conditions of continuously varying 


some assurance of SUCCESS. 


velocity. 

The author is to be complimented for the general attitude of 
taking guesswork out of pump installations that are required to 
perform accurately. The nature of the limiting expressions 


4 
of 
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shows clearly how much detailed information on job conditions, 
properties of the liquid, and piping layout must be available for 
the manufacturer to evaluate an installation. The manufacturer 
is vitally interested in securing the most favorable conditions 
possible but must rely on the process-control engineer for data in 
order to co-operate effectively. 


R. McFartanp.* This paper is of exceptional merit and is an 
excellent presentation of a difficult subject. The mathematical 
analysis is clear, and is the first that we know of that has ap- 
peared in the literature. 

We have done some similar work in connection with adjusta- 
ble-volume pumps of our own design, and have obtained some 
interesting results on the subject of velocity waves or hydraulic 
shock and reversals during the pump cycle. We have found the 
instrumentation in this research work to be difficult, requiring 
techniques heretofore unknown, and have yet to solve numerous 
problems, in order to achieve the determination of data in the ex- 
treme high-velocity ranges of shock transmittal in typical pump- 
ing systems. 

In the basic Darcey equation, an average f-value would have to 
be assumed, and a corresponding Reynolds-number value, as the 
friction factor varies with Reynolds number. Also there would 
have to be some theoretical instantaneous value in the pump 
quarter-cycle under examination. Further, the viscosity of the 
fluid in the system dictates the f-value and Reynolds number, so 
that some method of high-speed analysis of this phenomenon 
ultimately may vield a series of flow constants to apply to these 
equations and further modify them to give an even clearer pic- 
ture of the hydraulics of the quarter pump cycle. 


R. T. Sueent ano G. 8. Our first comment concerns 
the conclusion reached by the author on the nomenclature em- 
ployed. The senior writer introduced the term ‘“controlled- 
volume” pump in a previous paper,* discussing the engineering 
and application of this type of equipment to controlled flows. 
The paper analyzes from theoretical considerations and standard 
hydrodynamic formulas, the limiting parameters in which « con- 
trolled-volume pump may operate and still not experience cavita- 
tion or a condition similar to water hammer, causing the pump to 
discharge a volume greater than its displacement. The author 
would seem to intimate that a large majority of these pumps are 
operating in such a manner as to have these two effects pre- 
dominate. Actually, these limiting parameters are such that at 
least 95 per cent or more of the controlled-volume pumps in- 
stalled in service are operating well within these limitations with 
resultant satisfactory operation and the full effect of controlled- 
volume flow. Furthermore, these parameters are well recog- 
nized and definite limitations are recommended by reputable 
manufacturers of this type of instrument on installation. When 
properly installed in accordance with these recommendations, a 
controlled reproducible volumetric efficiency is obtained so that, 
in effect, the controlled-volume pump acts as an instrument de- 
livering well within 1 per cent of a reproducible volume, There- 
fore we reject any terminology of “adjustable-volume” pump 
and hold to the thesis that ‘‘controlled-volume” pump is more 
properly descriptive of the apparatus. 

The author presents a mathematical analysis of the hydraulics 
of suction and discharge on this type of displacement pump. He 
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is correct in stating that this type of unit is used as a flow- 
rate controller and the control of flow based on three variables, 
namely, the diameter of the plunger, which of course is fixed for 
any given pump, the speed of the pump, and the length of the 
stroke. Practically all manufacturers design this pump to have 
an adjustable-stroke length, in fact, adjustable from 0 to the full 
length of stroke. Various automatic positioners with motorized 
stroke adjusters through linkages are designed to function while 
the pump is in operation. Speed may be variable by means of a 
mechanically adjustable speed drive or varied by means of an 
electronic drive through Thymotrol to give a speed variation of as 
much as 20 to 1. The important point is, according to this 
paper, that any adjustment by either length of stroke or in speed 
of the pump, properly recognizes the hydraulics of suction and 
discharge that will give a metered displacement of liquid caused 
by plunger movement. 

The first part of the author's analysis deals with the derivation 
of a formula relating the maximum acceleration of a liquid 
column in the suction side of the pump with the movement of the 
plunger. 

The forces causing this acceleration in the liquid column are 
the atmospheric pressure pressing down on the surface of the 
liquid in the suction tank and the static head of liquid in the suc- 
tion line. The pressure against the surface of the liquid and the 
static head are fixed by construction of the suction piping. 
In addition to these pressures must be added the partial vacuum 
inside the pump chamber created by the movement of the 
plunger. The limit of this vacuum is the vapor pressure of the 
fluid being pumped, since if at any time this pressure drops 
below the vapor pressure, cavitation or flashing will occur. 
The author predicts the maximum flow which can enter the 
pump chamber. Actually he has set up in Equations |i} to 
{4] an expression for the friction loss in the suction pipe line in 
terms of the force required to overcome it. The friction factor 


f in this expression is an experimental coefficient primarily de- 


pendent upon the Reynolds number of the system, the condition 
of the piping itself, that is, the smoothness of the walls inside the 
piping, the number of bends, fittings, orifices in the line, and so 
forth. Knowing this friction factor we can determine accurately 
the force required to accelerate the fluid in the line. 

However, for many liquids and for many piping systems, thix 
friction factor is difficult to determine in so far as it must include 
any frictional losses resulting from rise of the check valves in 
the pump, as well as those that occur in the suction piping or in the 
suction tanking. It is much simpler to set up a condition, in so 
far as the manufacturer of this type of equipment is concerned, 
that specifies to the customer that we must havé certain mini- 
mum net positive suction head (NPSH), with a definite limita- 
tion on pump speed, knowing that this will avoid the cavitation 
which the author describes. The NPSH is determined at the 
suction of the pump itself so that this factor of safety is ample 
under al! conditions to avoid cavitation in the pump with a speed 
limitation of approximately 50 strokes per min. With a higher 
NPSH, speeds as high as 100 strokes per min on stroke length as 
large as 4 in. and even 6 in. are practiced without cavitation. 

For easier practical analysis to the problem, it is preferable 
to divide the available suction head into two parts, namely, 
that required to overcome all losses up to the suction of the 
pump and that required due to the pressure drop through the 
suction valves of the pump. The first portion is a function of 
piping and head losses and is usually more subject to accurate 
calculation by the design engineer. The second is a function of 
pump design and properly should be recognized by the pump 
manufacturer and specified to the customer for his individual in- 
staliation. It is obvious that limits must be set on suction pip- 
ing, the speeds at which the pumps operate, and the viscosity of 
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the fluids to be pumped, as it is found that cavitation will only 
take place under the extreme conditions of these variables. These 
are, however, ali special cases, and the limitations normally set 
by the manufacturers of controlled-volume pumps are sufficient 
to guarantee that they will operate well within the parameters 
set up in this paper. 


900 


The author shows an interesting condition that is possible on 
the second half of the suction cycle, namely, the plunger has 
started deceleration. However, the mass of liquid in the suction 
line is at maximum velocity and must be decelerated to match 
the deceleration of the plunger so that it is theoretically possible 
to build up a pressure inside the displacement chamber that 
would be greater than that inside the discharge line in order 
that flow would pass out of the chamber while the pump is still on 
suction stroke, This would cause the pump to pump more liquid 
than its actual displacement. This condition could exist prima- 
rily when a high-speed pump is pumping a liquid of low viscosity 
through a lengthy suction line. If the viscosity or friction in 
the line is of any magnitude, this pressure surge will be damped 
considerably and trouble will be averted. 

Reference to Fig. 4 of this discussion will illustrate readily the 
fact that there will be appreciable friction drop at the point of en- 


Tyetcat Controtten Votume 


hia. 4 


trance of the liquid into the displacement chamber through the 
two check valves in the suction end of the pump. This will 
vary with variations in the design of the pump. The double 
check valve on the suction certainly will act to dampen the ac- 
celeration of the liquid on the suction stroke, and the specifi- 
cation on this style of pump of a pressure differential of at 
least 5 psi between suction and discharge is sufficient to elimi- 
nate this effect in an over-all operation. In certain installations, 
in fact, the pumps operate through pressure-reducing valves to 
this 
surge effect 

A controlled-volume pump will seldom operate at exactly 100 
per cent volumetric efficiency, that is, it will seldom operate by 
discharging exactly the same amount as the plunger displacement 
The important point is that it give 
repetitive accuracy so that, once a pump is calibrated properly 
with its attached system of suction and discharge piping and with 
a certain liquid, it will repeat and deliver exactly the same 
amount of liquid over a period of time. There is another variable 
in the design of the pump which is even more important in its ef- 
fect on its repetitive accuracy and the variables discussed by the 
author, that is, the variable of valve design. Any slippage of 
liquid past the suction or discharge valve or valves obviously 
will cause inaccuracies. It will be noted in this design that a 
double check is used on suction and discharge. Should a slight 
imperfection in one valve occur, or should solids in suspension 
interfere with proper valve seating, the chances are that the 
second check will hold and give a positive check-valve action. 
Also it is necessary that any gas which might be drawn from 
solution by reduction of pressure be discharged properly and not 
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present an opportunity for entrapment. The slope of the inte- 
rior of this chamber will cause any gas introduced to be discharged 
automatically without the chance of aiternate compression and 
expansion of a gas bubble leading to inaccuracies of displacement. 

Mathematical derivation of the relationships involved, deter- 
mining the effects of the second half of the suction stroke, are 
straightforward. Starting with Equation [35], the author says 
that the discharge pressure is given by the pressure against the 
surface of the liquid in the discharge tank plus the height of the 
liquid column in the discharge line. Now the pressure tending to 
unseat the valves is the pressure acting against the surface of the 
liquid in the suction tank plus the head of the suction line less 
any losses in the pressure due to the deceleration of liquid in the 
suction tine. This is given by Equation [36]. The author then 
states that for the discharge balls to be unseated, the pressure 
inside the pump, which is given by Equation [36], must be 
greater than the discharge pressure, as given by Equation [35). 
These two equations are equated together in Equation [37! 
which is actually the basic equation of this section. The author 
then states that, since the discharge pressure remains constant, it 
is only necessary to check the suction pressure plus the inertia 
pressure and find its maximum value. If the maximum value of 
this expression is less than the discharge pressure the balls will 
never be unseated and this effect will not occur. 
Equation {40}. 


This is done in 
It is found that in terms of the angle a, which 
is the crank angle of the pump, that the left-hand side of Equation 
{40} will become maximum when @ is equal to #, or when the 
plunger is at the very end of the suction stroke. By making 
this substitution into Equation [40] we arrive at Equation 
{41} which is actually what the author says to check. If the 
left-hand side of that equation, which represents the maximum 
pressure inside the pump chamber, than the dis- 
charge pressure, the overpumping will not occur. However, 
if it is greater than the discharge pressure, some of the liquid in 
the suction line will be carried directly through the pump chamber 
into the discharge line during the suction stroke of the pump. 

The author then discusses the third quarter of the pumping 
cycle. This is the first half of the discharge stroke where the 
plunger is accelerating forward, pushing water out through the 
discharge line. There are several factors which may act to de- 
crease the amount of water pumped during this portion of the 
pumping cycle. At the moment of reversal of plunger throw 
from suction to discharge, there will be a slight flow back of liquid 
from the displacement chamber to the suction line to give the suc- 
tion balls a chance to seat. The next factor is the compressi- 
bility of the liquid inside the pump chamber and also the ex- 
pansion of the pump chamber when subjected to an internal pres- 
sure or any compressibility of packing used in the stuffing box. 

These pumps are designed and in operation against pressures as 
high as 30,000 psi, so these other factors become quite important. 
Particularly with a number of organic liquids, compressibility at 
these higher pressures must be recognized. Hence we come 
into a study of the volume of displacement in the chamber rela- 
tive to the total liquid volume of the chamber, as the discharge 
valves will not open until the pressure in the discharge chamber 
exceeds the pressure in the discharge line. During the first por- 
tion of the discharge stroke, the forward motion of the plunger is 
effecting compressibility. 

The author points out the possibility of “‘overpumping’’ oc- 
curring in the second half of the discharge cycle due to the accel- 
eration of the liquid from the pump to the discharge line and the 
deceleration not matching the acceleration of the plunger. 
Here again this could take place only in the event of a very low 
discharge pressure. 

The author then speaks of the destructive effects of cavitation. 
He states that the collapse of a vapor pocket which has formed 
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-= a cylinder obviously will release a large block of energy 
whieh must be absorbed by the pump. This is actually a mis- 
_ statement of what occurs, for it is not a release of energy which 
causes the destructive effect of cavitation, but rather a momentum 
effect. It can be shown that when cavitation occurs there is a 
condition of lower energy rather than one of higher energy, as the 
author states. This destructive effect results from impact on the 
plunger when the cavitation pocket collapses and the plunger 
suddenly meets a solid body of liquid while traveling at fairly 
Es - velocity. No energy is liberated by the pocket. Actually, 
energy is consumed by the process. However, as the author 
states, cavitation is ‘quite destructive to the entire pumping sys- 
_ tem including the pump, suction line, discharge line, and pos- 
sibly other equipment to which these lines are attached.” There- 
_ fore it is most important in any plunger-type installation that the 
cavitation effect be avoided if at all possible. 
Of the two limiting conditions deseribed, which might cause 
inaccuracies in controlled-volume pumping, the conditions as- 
sociated with the suction stroke obviously are the more serious, 
i inasmuch as this piece of equipment, in the majority of instal- 
lations, acts as a pump as well as a meter, effecting a considerable 
rise in the pressure state of the liquid flow. The author states 
that the analysis covered by this paper applies to the duplex 
i _ pump also where the two pistons are in phase, or in the type where 
they are 180 deg out of phase. A novel design of controlled- 
- volume pump known as the “Constametric pump” was placed on 
the market recently, Fig. 5. 


ConstTametric Pump 


This pump is a duplex unit with accentuated sinusoidal suction 

7 % curve and an overlapping discharge curve so designed as to give 

7 7 a constant rate of discharge flow. Fig. 6 shows this characteristic 

curve. Operation of this pump is by means of face cams. One 

a plunger accelerates to a constant speed and at the end of the 

a stroke decelerates, while plunger No. 2 is on its acceleration 

curve. The acceleration of one plunger is matched with the de- 

celeration of the second plunger and, with due allowance for slip- 

page for the valve rise and fall, a straight-line flow characteristic 

is obtained on the discharge stroke. Any suction conditions 

causing cavitation would be accentuated on this design. The 

whole success of this unit in its application today is as an instru- 

ment to give a. straight-line, nonpulsating flow. Tests made on 

_ this unit in a number of installations fo date have shown it to do 

exactly this, without difficulty caused by either of the phenomena 
described by the author. 

Fig. 7 shows how this type of discharge is obtained by means of 
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a vertical drive to a central shaft on which are mounted two face 
cams. The rate of plunger travel is determined by the cutting 
of the cams, properly matching acceleration and deceleration. 

In conclusion, the author’s paper is an interesting mathemati- 
cal analysis of the hydraulics flow and will aid in the under- 
standing of the application of controlled-volume pumps as in- 
struments—to control accurately flows of liquid to points of higher 
pressure in processes. The limitations described by the author 
are limitations that are avoided by following the recommenda- 
tions of competent manufacturers in this field. When installed 
in accordance with these limitations, controlled-volume pumping 
will result with repetitive accuracies in most cases well within 1 
per cent of the capacity of this instrument. * : 
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The author is grateful for the contributions made to his paper 
by the discussers. It is particularly gratifying to note that they 
all represent manufacturers. Uf the paper has directed attention 
to this problem and has stimulated sufficient interest to promote 
further investigation, it will have served its intended purpose. 

Mr. Hefler especially is to be congratulated not only for making 
a very thorough study of the paper but for having independently 
extended this study. In connection with his discussion the 
author feels called upon to add a few comments regarding the 
friction factor (f). It is assumed that any engineers who will use 
the relations developed in my paper understand the meaning, 
use, and derivation of this factor. They will, therefore, under- 
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stand that it is not constant dieiiiil any quarter cvele but is a 
function of the Reynolds number which, in turn, is a function of 
the mean velocity in the pipe. In those proportioning pump 
applications where the flow is entirely in the laminar region, the 
friction factor fin Equation {12} can be replaced by 
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where gs is the coefficient of kinematic viscosity of the fluid. This 
makes Equation [12] linear in the laminar region as ix shown by 
curve Sof Mr. Hefler’s Fig. 3 

However, in cases where the flow is above the laminar region 
during « portion of the stroke, a rigid solution will require that the 
curves of Equations [12] and [34] be plotted, using for each point 
the value of f corresponding to the value of (v,) for that particular 
point. Then if the curve of a, lies wholly above the curve for a,, 
the installation under investigation will be satisfactory. However, 
this rigid solution is not required except in borderline cases, so 
that it is usually permissable to assume some reasonable constant 
value for f, such as 0.04, and perform steps 1 and 2 as outlined in 
the paper, If this indicates that conditions are close to a border- 
line, the more tedious method of plotting the curves should be 
resorted to, 

Mr. Hefler suggests that in connection with the first quarter- 
cyele, some computation could be saved if step 2 were to be per- 
formed before step 1. Actually, the order in which these steps are 
performed is unimportant advantage in the 
reverse order it would seem to stem from the fact that the algebra 
of step 2 is simpler than that of step 1 so if the installation can be 
proved to be unsatisfactory by performing step 2, the more difficult 
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It should be emphasized, however, that 
while either one of the two steps may prove an installation un- 


computation is avoided, 


satisfactory, both steps must be emploved to prove an installation 
is satisfactory. 

Mr. Hefler points out that if the method of analysis which was 
used by the author in connection with the second quarter-cycle 
were to be applied to the fourth quarter-eyele, it would be shown 
that it is necessary to perform only step 2 in connection with the 
This step 2 is merely a method of deter- 
mining that a,’, as defined by Equation [42], is equal to or greater 
than a,,’, as defined by Equation [43], when pr, is zero 
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By applying the method of the second quarter-cycle to the 
fourth quarter-cyele this same relation is arrived at, thereby 
verifying Mr. Hefler’s contention. The method proposed in the 
paper can, therefore, be simplified by eliminating step Lin connec- 
tion with the fourth quarter-eyele, 

Mr Hefler introduces the correction for nonsinusoidal motion 
of the simple-crank and connecting-rod system. The use of this 
accuracy with which a given system can 


fourth quarter-cycle 
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correction increases the 
be analyzed when dealing with a pump which uses this simple 
However, as stated in the paper, for 4 pump using any 
other than this simple design, this higher degree of accuracy can 
be attained only if the manufacturer will determine and supply 
this faetor It may be pointed out that there are designs in 
which the plunger moves at essentially constant velocity. The 
analysis of the paper fails completely in this case. It can readily 
be shown, however, that with this type of pump the volume dis- 
charged is never equal to the displacement. 

Mr. MeFarland points out the difficulties of measuring shock 
waves in hydraulic systems. These problems have been under- 
taken by a number of investigators within the past several years 
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and improved methods and techniques are gradually emerging 
into the literature. His comments regarding the friction factor f 
are pertinent. Suggested methods for handling this are outlined 
in the foregoing 

This author is somewhat at a loss to account for the depreciatory 
tenor of the discussion by Messrs. Sheen and Paul. While much 
of this requires no further comment because of its irrelevancy 
to the problem, there are several points which must be clarified. 

They state that the frietion factor f is a funetion of “the number 
of bends, fittings, orifices in the line, and so forth.” They further 
state, “However, for many liquids and for many piping systems 
this friction factor is difficult to determine in so far as it must 
include any frictional losses resulting from rise of the check valves 
in the pump, as well as those that oecur in the suction piping or 
in the suction tanking.’ It will be recognized at once that this is 
completely in error. None of these items affect the friction factor 
f. It is these which, when added together, establish the value of 
L,. Since L, is the direct sum of all these items, including the 
pressure loss across the check valves, it would appear that the 
possibility exists for the manufacturer to determine and express 
this check-valve pressure loss directly in pipe-length equivalents. 
By publishing this value for each pump he would provide the 
process-control engmeer with the data which would make it pos- 
sible to include the pump friction factors as well as the external 
system factors in Equation [12] thereby increasing the accuracy 
with which results can be predicted by this method. It is hoped 
the pump manufacturers will take this important step in the near 
future. 

These discussers imply that the method developed and pro- 
posed in the author's paper is useless and unnecessary, the only 
requirement being that the pump be installed so that it has a 
minimum net positive suction head as recommended by the manu- 
facturer, the parameters forming the bases for these recommenda- 
tions being well recognized by reputable manufacturers. How- 
ever, an investigation discloses that the only recommendation 
whieh Mr. Sheen's company makes regarding NPSH is the fol- 
lowing: “If there is a vacuum in the suction system, a net positive 
suction head (NPSH) equivalent to 8 ft of water must be main- 
tained above the centerline of the suction port.” It is not clear 
from this instruction whether this 8 ft NPSH is (1) that caleulated 
by standard existing formulas for steady-state conditions, (2) that 
as measured under the eylie conditions which exist in the hvdraulic 
system after the proportioning pump has been placed in operation, 
or (3) that as calculated from known system parameters before 
the pump is installed. If (1) is meant, it will at once be obvious 
that calculations based on steady-state conditions have no meaning 
If (2) is meant, it may 
useful in helping to determine why an unsatisfactory installation 
is not performing properly, but it is of no use in the design stage 
where the proper conditions should be established to insure satis- 
factory performance before the installation is made. Naturally, 
no engineer can afford to be satisfied with a method which merely 
tells him that he did his job wrong. He must have analytical tools 
which permit him to do his job correctly the first time. If (3) is 
meant, this author would be interested in learning more about the 
methods used. The specific reason why the investigation pre- 
sented in this paper was undertaken was because no method could 
be found in existing literature for calculating NPSH in this type 
of system. The method disclosed in this paper, and the extension 
presented in Mr. Hefler’s discussion, are the only methods known by 
this author and if Messrs, Sheen and Paul have previously used 
either of these, or some other method, it is unfortunate that they 
did not disclose it as a part of their discussion because it would 
have made a valuable and creditable contribution to this subject. 

These discussers imply that the conditions which may cause 
underpumping during the first quarter-cycle, or overpumping 


when applied to evelic conditions. be 


| 


SWARR 


curing the second or fourth quarter-cycles, are so extreme as to be 
essentially nonexistent so that any analytical method for detecting 
these conditions is unnecessary. However, a number of everyday 
combinations immediately come to mind which would be unsatis- 
factory if only the recommendations of Mr. Sheen’s company 
were followed. Assume, for example, a process which requires 
the use of a solvent for one reason or another. This solvent would 
normally be received and stored in a large yard storage tank 
from which it would be pumped to the process which often would 
be a considerable distance from the yard tank. In the process 
it is required that the solvent be proportioned to a variable-rate 
process stream. For maintenance and various other reasons, 
it would usually be desirable to locate the proportioning pump 
within the processing area rather than at the yard tank. If the 
solvent enters the process stream at atmospheric pressure on the 
first floor, there will be cavitation on the first quarter-cycle and 
overpumping on the second quarter-cycle urless the installation 
is very carefully designed. Yet this represents a common appli- 
cation problem. If the pump were located at the opposite end of 
the line, that is, at the vard tank, overpumping would be apt to 
occur on the fourth quarter-cycle. However, systems can be 
designed to assure satisfactory performance from this type of 
application using the methods developed in the paper. In many 
cases this can be done by merely juggling parameters in the equa- 
tions developed in the paper. In other cases air-loaded surge 
chambers may be required. These discussers state that over- 
pumping will not occur on the second-quarter cycle if a minimum 
of 5 psi is maintained between suction and discharge. It is the 
author's belief that any experienced process-control engineer, with 
the help of Equation [41], can readily visualize a number of com- 
mon applications in process-control work which would overpump 
if no precautions were taken except to provide this minimum- 
pressure differential. 

These discussers state that it is not necessary that a controlled- 
volume pump operate at 100 per cent volumetric efficiency. It is 
only necessary “that it give repetitive accuracy, so that once a 
pump is calibrated properly with its attached system of suction 
and discharge piping and with a certain liquid, it will repeat 
and deliver exactly the same amount of liquid over a period of 
time.” This, of course, is true only if the proportioning pump is to 
be restricted to simple Constant-flow rate service. It is unusual 
to find a manufacturer who advocates the observance of conditions 
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which limit the use of his product to such a narrow field. It is 
probably this restriction which permits the statement that 95 
per cent of existing installations are satisfactory despite the lack 
of analytical methods to predict their performance. This author 
feels that if all the parameters are known and properly evaluated, 
the field of usefulness of this device can be greatly extended. 
If proportioning pumps are to be used extensively as flow-rate 
controllers in processcontrol work, they must operate, not at 
constant-flow rates, but over a wide range of flow rates which 
usually continuously variable. This type of service re- 
quires that they maintain constant ratios between rate of de- 
livery and speed, and rate of delivery and stroke length, which is 
to say that volumetric efficiency must be maintained at 100 per 
cent throughout the entire operating range. This author believes 
that if these requirements are met, the proportioning pump is 
capable of handling certain classes of process-control problems 
more satisfactorily than any other control device now available. 

These discussers attempt to offer an explanation of the nature 
of cavitation and state that its destructive effects are not due to a 
release of energy. Inasmuch as the destruction represents work, 
and inasmuch as work can be done only at the expense of energy, 
(in this case it is derived from the kinetic energy of the moving 
liquid column) it would appear that their comments can be readily 
evaluated. 

Mr. Hefler as well as Messrs. Sheen and Paul mention factors 
which are inherent in reciprocating pump design which make it 
impossible to ever achieve exactly 100 per cent volumetric effi- 
ciency. These are principally (1) the slippage which occurs past 
the valves due to the delay in seating when the plunger changes 
direction, and (2) the compression of the gland packing and plunger 
and the expansion of the cylinder when pumping against high 
heads. 

These recognized as must the errors in any 
measuring device well-designed instrument-type flow-rate 
control installation, with its inherent error detection, will have a 
maximum error within + 2 per cent Error detection is not 
inherent in the proportioning pump system However, if a pro- 
posed installation satisfies the tests developed in this paper, the 
maximum error will be of the same order as that of an instrument 
system. This is usually satisfactory for most process-control 
work. Somewhat higher accuracies can be achieved in 
pressure applications with a pump operating at slow speeds. 
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Dischar; e 


of Herschel-Type 


Venturi Tubes | 


By A. L 


An analysis has been made of a large number of cali- 
bration curves of Herschel-type Venturi tubes, in order 
to obtain average values of the coefficient of discharge, 
both in the range of constant coefficient and of coefficient 
varying with Reynolds number. The data furnished by 
American practice have been compared with foreign 
standards of flow measurement. 


HE description of the Venturi tube, ‘as originally adopted 

by Clemens Herschel in 1887 (1),? is given in a Society re- 
search publication (2), as follows: 

“Starting at the upstream flange, the first portion is a short 
cylindrica) inlet which is a continuation of the upstream pipe line. 
This part is either machined inside or cast smooth so that its 
diameter can be accurately determined. A side hole, or several 
holes, drilled through its wall, lead into a piezometer ring, to 
which a pressure pipe-connection can be made for measuring the 
static pressure of the fluid at the inlet 

“Following the preliminary straight part is the entrance cone 
which has an included angle of about 21 deg. The straight and 
converging parts are joined by a curved surface. The entrance 
cone leads to the short cylindrical throat which is accurately 
machined and is provided with a side hole or holes for piezometer 
measurement of the static pressure in the throat. The transition 
from the entrance cone into the straight throat is rounded off by 
an easy tangential curve to avoid the, resistance caused by a 
sharp corner and also to preclude the possibilify that the fluid 
might break away from the wall at high speeds and not fill the 
throat completely. 

The end of the throat leads, by another easy curve, into 
the exit or diffuser cone which has an included or total angle of 
between 5 and 7 deg. This terminates in the outlet flange, or 
other type of end, for connecting the Venturi to the pipe line. . .”’ 

This type of Venturi tube has been used consistently in Ameri- 
can practice. It is, moreover, very similar to the types used 
abroad, sometimes under the denomination of ‘classical Venturi” 
(3) and which are currently described in the British (4) and 
French (5) standards of flow measurement. 

At the 1950 Annual Meeting of the Society, the author de- 
livered a paper in which the state of development of the method 
of flow measurement by means of Venturi tubes was reviewed (6). 
This paper contained a brief historical sketch of the various steps 
taken toward an international standardization of Venturi tubes 
and presented information on the coefficients and data used in 
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European countries, mostly Engiand and France, codified in their 
national Standards (4, 5). 

Since the Society is now participating actively in the work of 
the International Organization for Standardization: ISO/TC/ 
30 Committee on Measurement of Fluid Flow,’ it appears that the 
preparation of internationa] standards will soon be undertaken. 

; ANALYSIS OF CALIBRATION CURVES OF AMERICAN VENTURI TUBES 

To help in the choice of average coefficients, the author made 

an analysis of calibration curves of American Venturi tubes, ob- 
tained from various sources. A total of more than 200 tubes was 
studied, calibrated between the years 1925 and 1951, for pipe 
diameters ranging between 2 and 32 in. and diameter ratios 8 be- 
tween 0.270 and 0.755. The total angle of the converging cone 
was always approximately equal to 21 deg, the diffusers had 
various angles, varying between 5 and 28 deg. Other construc- 
tion details are the property of the manufacturers. Many of the 
tubes were of cast iron; others of cast steel; in many cases, the 
throat was made smooth by means of a bronze lining. Most of 
the tubes were new, when calibrated; a few of them, 
had been in use before the calibrations were made. 

The results of the analysis are given in Table 1* and Figs. 1, 2, 
and 3. For each tube, the following data were obtained: 


however, 


1 Pipe diameter, D, in. 

3 Diameter ratio 8 = d/D. 

4 Opening ratio, m = (d/D)* = 8* (opening ratio is used in 
Europe in preference to diameter’ ratio). 

5 Material. 

6 Coefficient of discharge C in range where it is independent 
of Reynolds number; this is the coefficient of calibration, to be 
used in the formula 
inden? 


Tad te 


a tte 
= 
in which 


Q = rate of flow, cfs 
A; = area of throat section = wd*/4,sqft 


tdifferential pressure head, ft of flowing fluid 


Y = specific weight of fluid, pef 
7 Coefficient Cg obtained, for the same value of 3, from the 
ASME Research report (2). This value may be considered as 
corresponding to standard American practice, although the for- 
mula from which it is obtained has been criticized as being com- 
plicated, and hope has been expressed that a more convenient 


* Minutes of the December, 1949, meeting of ASME Power Test 
Codes Committee (3071). 

‘ Diffuser angles used in practice are thus sometimes considerably 
larger than those of the Herschel Venturis. It appears, however, 
that within the limits considered, the angle of the diffuser is without 
influence on the coefficient of discharge. 

* Copies of this table may be obtained from the Research Depart- 
ment, Taz American Society or Mecuantcat Enaineers, 29 West 
39th St., New York 18, N. Y. 

* Formula 261, p. 99. 
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Fie.) Cg (ow Per Cent or C) ww oF 8 
form of determining the coefficient for diameter ratios other than 
0.5 would be found. 

& Difference C — Cg, per cent of C. 

9 Coefficient Cy obtained, for the same value of 8 (or m), 
from the British Standards (4). 

10 Difference C — Cx, per cent of C. 

11 Coefficient Cy obtained, for the same value of 3 (or m), 
from the French Standards (5). 

12 Difference C Cr, per cent of C. 

13 Value (Nx), of Reynolds number for which the coefficient 
C, having ceased to be constant, differs by 0.1 per cent of its con- 
stant value. Since practically all the experimental curves of dis- 
charge coefficient in function of Reynolds number indicate the 
same trend, the coefficient increasing with increasing Reynolds 
number until it levels off at some value of the latter number, the 
value of (Nx), gives some indication concerning the value at 
which the limit of constancy is attained. All Reynolds numbers 
are expressed in function of the pipe diameter, according to what 
will be from now on standard practice 


Among the data collected, some had to be eliminated because 
they corresponded to tubes not conforming with the Herschel 
type described. Furthermore, it was found that Venturi tubes 
with a single pressure tap, either at the throat or at the entrance 
section, were liable to behave in a completely different manner, 
the difference between their coefficient of discharge and that of 
Venturi tubes with conventional piezometer connections reach- 
ing, in some cases, more than 2 per cent. For this reason, these 
tubes have not been included in this analysis. 

Finally, all the calibrations have been conducted using water as 
the flowing fluid. Hence no information has been obtained on 
compressibility effects. 


Discussion or Resuts 


Inspection of Figs. 1, 2, and 3 shows a good agreement, in 
most cases, between the experimental coefficient C and either 


Cg or Cy. Differences between C and are usually larger. It 
must be observed, however, that the French Standards (5) de not 
apply to values of 8 smaller than 0.4 (m = 0.16) and that the 
coefficients Cp had to be obtained by extrapolation for low values 
of B. 

Closer examination of Figs. 1 and 2 leads to the conclusion 
that a larger number of points lie above the line of abcissas than 
below it. A statistical analysis shows that this line should be 
raised by approximately 0.25 per cent in Fig. 2 to obtain a uni- 
form distribution of the deviations. This amounts to adopting 
as average coefficients values 0.25 per cent higher than those 
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Fie. C — Cr (1x Per Cent or C) Function oF 3 
given by the British standards (4). Since these standards afford 
an easy method of computing the coefficient of discharge, the 
same method has been used to establish an average coefficient C x, 
which is, roughly, 0.25 per cent larger than Cg. Values of ('s in 
function of 8 are given, for pipe diameters between 2 and 32 in.. 
in Fig. 4. 

Table 1° and Fig. 5 provide a comparison between the experi- 
mental coefficient C and the average coefficient Cs. If the latter 
is taken as standard reference, the maximum deviation for the 
great majority of the tubes does not exceed 0.75 per cent, the 
root-mean-square error of an experimental coefficient being 0.4 per 
cent, and the probable error less than 0.3 percent. Furthermore, 
a close examination of the data in Table 1 shows that it is not pos- 
sible to assign different values of the deviation for various pipe 
diameters. The figure of 0.75 per cent seems to be valid for 
large as well as for smal! pipe diameters. 

Of the 181 Venturis included in Table 1, only five have experi- 
mental coefficients C differing by more than 0.75 per cent from 
the average coefficient Cs. They are as follows: 

Venturi No. 72. This isa tube of relatively small size (4.070 x 
2.0182). The calibration curve is rather irregular. Straighten- 
ing vanes were placed immediately upstream of the Venturi and 
may have affected the calibration. 
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Venturi No. 78. The diameter of the inlet pipe was not exactly 
equal to the Venturi tube inlet diameter. The throat vents were 
in poor condition. 

Venturis Nos. 106 and 107. No explanation can be found for 
the large discrepancy. Both Venturis were rather small (4.000 x 
_ 2.178), and the calibration curves show only a small number of 
points. 

{ Venturi No. 174. No explanation can be found for the large 
 diserepancy. This is also a small Venturi (3.981 X 1.631). It is 
suspected that a recalibration may have given a higher coefficient. 


CONCLUSION 


It may be said that the diagram, Fig. 4, gives the value of the 
average coefficient with a maximum deviation of +0.75 per cent 
for practically all tubes of pipe diameters between 2 and 32 in. 

Inspection of the individual calibration curves shows that 
single measurements give deviations from the mean coefficient 
varying between 0 and +0.5 per cent, the root-mean-square error 
of one measurement being between 0 and +0.3 per cent, and the 
probable error between 0 and + 0.2 percent. It is evident that 
these figures will vary from laboratory to laboratory and depend 
upon the accuracy of the equipment used and the care with which 
measurements are analyzed. 

The experimental curves have also been studied in the region of 
nonconstant coefficient. As explained previously, the trend is 
practically always a decreasing one with decreasing Reynolds 
number. For a limited number of tubes, as Reynolds number 
decreases, a slight increase in the coeffici nt is noticed before the 
characteristic decrease takes place. This trend has been ob- 
served already by Schlag (3), mostly with very smooth pipe lines. 

For each tube, the value of the discharge coefficient has been 
measured from the curve at Reynolds numbers of 10,000; 20,000; 
30,000; 50,000; 100,000; 200,000; and 300,000. No extrapola- 
tion was made, however, when the actual calibration curve did 
not cover all these values of Reynolds number. The ratios of 
these coefficients to the constant coefficient for each curve have 
been taken as coefficients of correction and are plotted in function 
of 8, in Fig. 6. No effect of the diameter ratio 8 is apparent. 

The mean values of the coefficients of correction for low Reyn- 
olds numbers are indicated in Table 2 and plotted in Fig. 7. 
They indicate values by which the average coefficient has to be 
multiplied to give the coefficient of discharge for Reynolds num- 
bers below the limit of constancy. 

An examination of Fig. 6, however, shows that the deviations 
may be extremely important in individual] cases, particularly at 
low values of Reynolds number. Therefore the coefficients of 
correction are given only as an indication of possible values, in the 
hope that they will be refined by comparison with the results of 
further calibration tests, and that by drawing attention to unusual 


TABLE 2 COEFFICIENTS OF CORRECTION FOR LOW 
REYNOLDS NUMBERS 
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results, they may justify a more thorough study of the various 
factors affecting the calibration of Venturi tubes. 
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Discussion 


1. O. Miner.’ The author's recommended Venturi-tube 
discharge coefficients indicated by his Fig. 4, are amply accurate 
_ for use within the range of sizes covered. Undoubtedly the data 
will be extrapolated because of the lack of comparable data for 
larger Venturi tubes. Fig. 8 of this discussion shows the author’s 
coefficients plotted against line size for 8 = 0.5. 

The curve appears a little too straight to the right of 8-in. line 
size, because generally it is considered that the curve should be 
asymptotic to unity coefficient. 

The writer recommends that the curve for 32-in. line size be 
dropped approximately 0.1 per cent for 8 > 0.4 and made 
constant for 8 < 0.58. 

It is highly regrettable that the data from which the author 

_ plotted his results were not published. The author gave the 
writer a copy of his data in tabular form. There were three Ven- 


 turi tubes larger than 16 in. in diam, being numbered 1, 2, and 121 


by him. C—C, will be smaller for tubes Nos. 1 and 2 if the curve 
for the 32-in. tube is dropped as recommended. C, for 24-in. tube 


7 Vice-President and (hief Engineer, Builders-Providence, Inc., 
Providence, R.I. Mem. ASMP. 
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No. 12}, as given in the table, is 0.75 per cent below the actual 
coefficient. However, if C, is interpolated by Fig. 8 of this dis- 
cussion, it will be found to be slightly higher than the table indi- 
cates. Dropping the 32-in. curve 0.1 per cent will result in 
C—C, for tube No. 121 being —0.72 per cent, within the author’s 
conclusions of 0.75 per cent maximum. 

If the curve for 4-in. line size in Fig. 4 of the paper is dropped 
0.03 per cent a smoother curve of coefficient versus line size will 
result. Such a slight change will have no other significance. 

Fig. 11 of the discussion by Schlag indicates an unlikely trend 
if the data from the French Standard are extrapolated to larger 
sizes. Unity coefficient is rapidly exceeded when line size ex- 


ceeds about 2000 mm. 


Aus. Scuiac.* In this discussion the conclusions 
are compared with the recommendations of the French standard 
NF X 10-101 (1949 edition) and of the British Standard Code 
B.S. 1042-1943 (Flow measurement). This comparison is also 
based on the writer’s experience with Venturi tubes. 

The discussion is limited to the region of large Reynolds num- 
bers, such that the numerical value of this coefficient is without 
importance. This is the only region which is now of practical 
interest. Furthermore, it appears that, outside this zone, the 
experimental results are still too uncertain to allow for definite 
conclusions. 

The French standard and the British standard code give: 

A diagram C = f(m) (Fig. 56 in the French standard; Fig. 20a 
in the British standard code). 

A diagram of the coefficient J to take into account the effect of 
the diameter (Fig. 57 in the French standard; Fig. 20¢ in the 
British standard code ) 

However, neither the French nor the British standard offers a 
clear definition of the coefficient C. For other pressure-differ- 
ential devices C is the coefficient to be used when no correction is 
necessary either for scale and roughness effects (D larger than 
300 mm or 12 in. for nozzles) or for Reynolds-number effect. 

In the French standard, Fig. 57 shows that the correction J 
equals unity when D is slightly larger than 1000 mm, but the exact 
value of this diameter is not indicated. For D = 1500 mm, J is 
larger than unity (approximately 1.004). 

The same lack of precision exists in the British standard code; 
it appears from Fig. 20c that C could be the coefficient for very 
large values of D (above 32 in.) but this value is not indicated 
clearly. 

To obviate this lack of precision, we suggest drawing the curve 
of the coefficient for a given diameter. A value of D = 100 mm 
was chosen arbitrarily (being the pipe diameter most frequently 
used in the writer’s experiments), but there would be no difficulty 
in using another value. This coefficient has been conventionally 
called C (the notation CJ; might have been preferable). 

In Fig. 9 of this discussion are given the diagrams C — m, 
according to the French standard (NF), the British standard 
code (NB), and the author’s paper (J). A curve SR, obtained 
from the writer's experiments,’ has been added. 

An important discrepancy exists at low values of m (smaller 
than 0.2 or 0.25) and, to a lesser degree, at values larger than 
0.45-0.50. 

We propose, until this discrepancy is lifted, to limit the stand- 
ardization to values of m between 0.20 and 0.50 (or 8 approxi- 
mately between 0.45 and 0.70). 

There should be no serious disadvantage in this limitation, 


* Professor, Director of the Hydraulic Laboratory, University of 
Liége, Belgium. 

*“Contribution & la normalisation des tubes de Venturi clas- 
siques,”’ byRené Rousselet and Alb. Schlag, Revue Universelle des 
Mines, series 9, vol. 6, 1950, pp. 301-308. 
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sinee a Venturi tube is used when it is sought to reduce the non- 
recoverable loss of pressure, which precludes the use of low values 
Furthermore, at too high values of m, the differential- 
pressure resdings are small and the precision is unsatisfactory. 

A study of Fig. 9 discloses a satisfactory agreement between 
the French and the British standards at a value of m = 0.25. 
According to both standards, the coefficient C is equal to 0.98 
This fact ix not surprising, since Venturi tubes with a diameter 


of m 


c 


1.00 


ratio 9 = d/D = 0.5 have been more frequently built and thus — 


more frequently calibrated than tubes of other proportions." 

Therefore we have plotted in Fig. 10 of this discussion, wiles 
of CJ in function of D for an opening ratio m equal to or approxi-- 
mately equal to 0.25. It is seen that an average curve may be- 
drawn with good accuracy, particularly for values of D not baal 
1000 mm. 

Therefore we propose the adoption of this curve of CJ in func- 
tion of D form = 0.25, 

It ix seen that for our diameter of reference (100 mm) one reads 
again distinctly CJ = 0.98. We shall adopt, for m = 0.25, C = 


FRENCH STANDARD 
m:025 


BRITISH STANDARD CODE 
FLUID METERS(USA) Fig 6s) 


CAMICHEL 
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0.08 (it must be recalled that the definition of C has been given 
for this diameter), 

In brief, the result of the foregoing discussion is that, for D = 
100 mum, the curve of C must fit the curves in Fig. 9 and give 
a value of C = 0.98 form = 0.25. 

We propose using the curve of C drawn as a solid line in Fig. 
%. The use of this curve may be justified as follows: 


It gives a value C = 0.98 for m = 0.25; between 0.20 and 0.25, 
it coincides practically with the curve of the French standard. 
Between 0.25 and 0.40, it is located between the curves of the 
French standard and of the author, on the one hand, the British 
curve and the curve of Rousselet and Schlag, on the other hand; 


© It must be observed that the formula for the coefficient of dis- 
charge given in “Fluid Meters’ (1937 edition, p. 99) refers to the 
case where m = 0.25; the same is true of figs. 63 and 64 in this pub- 
Jieation: on the latter figure, a value of C = 0.98 is read for D = 4 in, 
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the difference is always smaller than 0.25 per cent and often ap- 
preciably less. Furthermore, an examination of the results ana- 
lyzed by the author (J), seems to indicate that instead of being 
constant at low values of m, C would decrease, as indicated by 
the French standard and by Rousselet and Schlag, but to a lesser 
extent. 

Between 0.40 and 0.50, the suggested curve coincides with the 
author's curve and almost with the curve of Rousselet and Schlag; 
it is situated between the French and the British curves, with a 
deviation at most equal to 0.25 per cent. 


Influence of Diameter (Coefficient of Correction J). We have 
plotted in Fig. 11 the diagrams of CJ according to the French 
standard and to the British standard code. (The author's dia- 
gram is identical to that of the British standard code, but raised 
by 0.25 per cent.) 

For the British standard code, the values are independent of 
m; in the French standard, different curves are obtained for dif- 
ferent values of m. 


It appears, however, that all the diagrams are identical in 


trend, being simply shifted parallel to the vertical axis. 


Calling C the value corresponding to D = 100 mm, the co- 
efficient J of transfer to another diameter does not depend on m 


but only on D. 


Since we have proposed the adoption of C = 0.98 for D = 100 
mm and m = 0.25, Fig. 10 of this discussion shows that for these 
Therefore, for all values of m, the values of J are 
to be read on the CJ scale, Fig. 10, increased by 0.02. 

In brief, we may suggest the following: 


values, J = 1. 


(a) To limit the standardization to values of m between 0.2 
and 0.5. 

(b) To adopt the curve C = f(m) indicated by a solid line in 
Fig. 15 of this discussion. 

(c) To adept for the coefficient of correction J due to the 
diameter effect, the values of the ordinate seale of CJ in Fig. 10, 
increased by 0.02. 


W.S. Parpor."' One of the objects of a study such as this 
should be an extrapolation to coefficients of larger meters. Each 
test should be looked on as a model test of larger meters which 
cannot be calibrated. The author confines his entire effort to 
interpolation by dealing.with the coefficient. The writer would 
call his attention to Professor Moody's step-up formula 


(1—e,) = (1 — en) (“*) 
d, 


in which the difference between the efficiency and unity is stepped- 
down. Also, in fluid mechanics use is made of the velocity defi- 
ciency. 

The writer, in his 1944 paper, uses K in the formula 
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in which A is the coefficient of loss in 


see Fig. 12, —* “tei is evident from Fig. 13 of this discussion 
that the greatest part of the loss ,A, takes place in the throat and 
the upstream cone adjacent to the throat or at points of high 
velocity and hence K does not vary much with 8. 

This also can be shown mathematically as 


K = 1.25145 + (a 


the 1.25 being an empirical correction as 8 decreases f, decreases 
and the first term decreases but | increases and hence the second 
term increases, thus keeping K nearly constant for a given throat 
diameter. Arithmetically the 12 & 8'/, (8 = 0.687) shown in 
Fig. 14, A = 0.02840, C = 0.983, and a 16 '/, K 8'/,(8 = 0.5) 
K = 0.02711, C = 0.985 or K varies little with 8 if d, is constant 
and C checks closely with the 1944 curves. These are the rea- 
sons which governed the writer in the indirect approach and the 
use of the throat diameter as being the most characteristic di- 
mension of a Venturi meter. 

The author, in Fig. 1 of the paper, neglects the variation of 
accuracy in terms of size shown in Fig. 14 of this discussion, de- 
rived from Fig. 1. Small Venturi meters are usually less accu- 
rate than large ones—hence the writer takes exception to the basis 
of this study and, therefore, to some of its conclusions. 

Fig. 14 shows also a comparison of the author's coefficients with 
those of the 1944 paper for 8 = 0.5. If the author’s curve be 
extrapolated it will run above unity, and this writer cannot 
abide coefficients above unity. He believes the maximum value 
of C is close to 0.993 which is the value for the very smooth Gen- 
eral Electric flow nozzles. To increase this by 0.025 would give 
a value of 0.0955 which is much above any coefficient of Herschel 
Venturi meters ever obtained by the writer. 

In Fig. 7 the author indicates that the coefficient curves be- 
come flat at Reynolds number 200,000. The writer calls his at- 
tention to the Moody friction-factor curve, Fig. 15 of this dis- 
cussion, in which the values of f become flat at higher values of 
R,, for smooth pipes; that is, this value varies inversely with 
roughness. 

Fig. 16, herewith, from the '944 paper shows the same thing, 
that is, the point of tangency increases in terms of Reynolds 
number as the meters become larger and, consequently, propor- 
tionately smoother. 

The writer showed in his paper on the “Ambient Effect” we 
could place no confidence in the curved part of the coefficient 
curves—hence any deductions from them must be wrong. There- 
fore he used the test of the 4 X 2 in. 1936 Oklahoma test on oil 
for lower Reynolds number. 

The author's Fig. 4 is, in general, in agreement with the 
writer's formula, Also in Fig. 3 there is a surprising agreement 
on the coefficient of a 16 X 8 in. Venturi meter. 
sults we may beth be wrong. 


In these re- 
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AvuTHOR's CLOSURE 


The author feels gratified that his analysis of Herschel-type 
Venturi-tube coefficients has been the oceasion of a confrontation 
of the views of the specialists in this matter. It definitely seems 
that progress has thus been accomplished toward the international 
standardization of this type of flowmetering device. 

In an attempt to bridge the gap indicated by Fig. 9 
Schlag’s discussion at low values of m, the author agrees that the 
values of C's should be slightly reduced for values of 8 below 0.5. 
It is further suggested to limit the present discussion to values of 
8 between 0.4 and 0.75. Direct contacts will have to be estab- 
lished before an agreement can be reached regarding coefficients 
at lower 8. The author believes that the trend which would 
best fit American experimental results would be that indicated in 
Fig. 17, herewith. The curves for 4-in., 8-in., 16-in., and 32-in. 
line sizes of Fig. 4 of the paper have been dropped by 0.25 per 
. cent at 8 = 0.4. Smooth connections have been drawn with the 
values of Fig. 4 at 8 = 0.5. The trend of the curve for 2-in. 
line size for 6 smaller than 0.5 may not be indicated at present. 
A discrepancy stil] exists between Fig. 17 and curves SR and NF 
of Fig. 9. A possible assumption is that this discrepancy would 
be due to differences in the radius curves of the inlet section but 
more information will be needed before definite conclusions can 


of Professor 


- be drawn in this matter. 


In plotting Fig. 17, attention has been paid to Mr. Miner's 
suggestion of dropping the curve for 32-in. line size of 0.1 per 
cent. For 8 = 0.5 the coefficient is thus Cs = 0.989. This 
value compares with Professor Pardoe’s 0.9885. Also, the curve 
for 4-in. line size has been dropped by 0.03 per cent. 

The author is well aware of the great need for more complete 
information on the coefficients of Venturi tubes of large sizes; 
he cannot help but feel that the utmost caution should be ex- 
ercised in extrapolating experimental values. Extrapolation is 
at best an extremely dangerous procedure and the author hesi- 
tates to follow Professor Pardoe on these grounds. It is difficult 
to imagine that a Venturi tube is a model of another since the 
first requirement of dynamic similarity, namely, that of geometric 
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similitude, is generally not fulfilled. Furthermore, the author 
has tried to analyze by Professor Pardoe’s method the coefficients 
of Venturi tubes having a diameter ratio other than 0.5. For 
example, considering a ratio close to 0.4, there are 29 tubes with 
values of 8 between 0.35 and 0.45. For each of these, the value 
of K has been computed from 

1— 


K= ra — (1 


— 


The values range from 0.0218 to 6.0441 (excluding tube No, 174 
for which K = 0.0548). A plot of K in function of the diameter 
fails to disclose a trend similar to that which Professor Pardoe 
indicates in Fig. 12 of his discussion. If anything, it seems that a 
plot of A in function of D would give a horizontal line correspond- 
ing to K = 0.0353 (average value). This, in turn, would give 
an average ( of 0.9825. It must be noted, however, that all the 
available data are for Venturi tubes with D smaller than 15 in. 
Thus the analysis points again toward the need for more ex- 
perimental data on Venturi tubes of tine sizes. 
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Nozzle Characteristics in High-V< 
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The growing importance of processes carried out under 
high-vacuum conditions increases the interest in the 
performance characteristics of flow-measuring devices for 
gases under low-Reynolds-number conditions. Published 
information on flow coefficients for liquids in throttling 
devices such as orifices, nozzles, and Venturi meters indi- 
cates that these coefficients change rapidly in the lower 
Reynolds-number regions. Similarly, coefficients in this 
region for compressible fluids, such as gases at subsonic 
velocities and normal pressures, are available in a limited 
number. A review of the literature fails to uncover any 
data on viscous compressible flow in nozzles. This paper 
presents a limited number of results of experiments on 
smal] ASME shaped nozzles at very low Reynolds numbers, 
achieved by operating at extremely low pressures over a 
wide range of pressure ratios. 


NOMENCLATURE 


The following nomenclature is used inthe paper: 
Sari, 


Ay = nozzle throat area = D*/4 
' = discharge coefficient 
nozzle-throat diameter 
ratio of specific heats 
Knudsen number 
pressure at upstream tap 
pressure at downstream tap 


Bard 

» 


ok 


gas constant 
upstream temperature 
weight rate of flow 
ratio upstream diameter to nozzle throat diameter 
molecular mean free path 

‘mm = 3.9 X in. 


= Pi 


microns = 10 


INTRODUCTION 


Since the absolute viscosity of a gas is a function of tem- 
perature alone, low Reynolds numbers exist in a flow system when 
the density or pressure of the gas is decreased to small magni- 
tudes. For example, if the ambient temperature and velocity 
in the system are maintained constant, and the pressure reduced 
from 1 to 0.001 atm, then the density and Reynolds number 
are reduced in the same ratio, Thus a Reynolds number of 10° at 
normal pressures becomes 10? for this high-vacuum flow, Dif- 
ferential metering devices operating with liquids and gases at 
Reynolds numbers in the order of 100 have coefficients of about 
one halt compared with the high Reynolds-number values, 

For a continuum fluid, the drop in coefficient for a converging 


1 Professor and Chairman of Division of Mechanical Engineering, 
University of California. Mem. ASME. 

Contributed by the Fluid Meters Research Committee, the In- 
dustrial Instruments and Regulators Division and presented at the 
Annual Meeting, Atlantic City, N. J., November 25-28, 1951, of 
THe American Society or MEecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Somety. Manuseript received at ASME Headquarters, Feb- 
ruary 13, 1952. 
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proximation, 
- motion with respect to the surface 
oon is decreased further and the molecular mean free path 


Dynamics 


nozzle is due to the increase in boundary-layer thickness as the 
Reynolds number decreases and the viscosity effects become 
greater. With increased boundary-layer thickness, the velocity 
distribution at the upstream position and also at the throat will 
change. This, in turn, affects the coefficient. As the gases be- 
come more rarefied, the Reynolds number decreases further and 
a new phenomenon becomes of importance. This new phenom- 
enon is associated with the molecular mean free path of the 
molecule, the relative magnitude being measured by the Knud- 
sen number A/D, the ratio of the molecular mean free path to the 
diameter of the nozzle throat. The condition for demarcation 
between the continuum and transition regimes is not definite 
but the experimental evidence available indicates that the nor- 
mal continuum fluid mechanics begins to break down at a 
Knudsen number of about 0.01. In the transition regime, the 
interaction between the molecules and the surface becomes im- 
portant and “slip flow’’ must be considered. As a first ap- 
the fluid in contact with a surface possesses a 
hence slip occurs. As the 


correspondingly increased, fully developed molecular flow is 
approached when the associated Knudsen number is greater 
than about 15. 
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(Test ranges shown by lines A for 0.125-in-diam throat ASME nozzle; 
for 0.875-in-diam ASME nozzle; and C for 9.00-in-diam ISA nozzle.) 
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Fig. 1 illustrates the pressure conditions at normal atmospheric 
temperatures for nozzle-throat phenomena for the different flov 
regimes of continuum (Kn < 0.01), transition or slip (0.01 < 
Kn < 15), and fully developed molecular flow (Kn > 15). The 
vertica! limited lines indicate the region of experimental data 
reported in this paper. 


Nozzte Flow CHARACTERISTICS 


The standard flow equation (1)* for nozzles with a compres- 
sible fluid is expressed as 


* Numbers in parentheses refer to Bibliography at end of paper. 
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When tests are made with upstream conditions held constant, 


B*r* {1} 


that is, temperature and pressure, and the downstream pressure is 
vaned for pressure ratios of downstream to upstream of less than 
the eritical ratio (0.528 for air), experiments at normal pressures 
have shown that the weight rate of discharge is a constant and 
independent of the downstream pressure. Preliminary experi- 
ments, made at low Reynolds numbers attained by operating with 
air at very low pressures, demonstrate that the weight rate of 
flow is not constant for pressure ratios below the critical value 

Typical dimensionless characteristic curves are presented in 
Fig. 2. The theory curve corresponds to Equation {1| with C 
taken as 1.00. At high values of Reynolds numbers, the differ- 
ence between theory and actual flow rates is very small (C= 
0.98) but as the upstream pressure is decreased the difference 
The “normal low pressures’’ curve represents nozzle 
performance at about 1 in. of mercury absolute pressure and an 
average Reynolds number of about 1000. 
sures 
The line corresponds to characteristic curves 
when the Knudsen number is greater than 15 
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2) Recative Rate or Flow Curves 
ror Wrrn Gases in Low-Pressure Orerarion 


Since the discharge coefficient C is the ratio of actual to theo- 
retical weight rates of flow through the nozzle, Fig. 2 illustrates 
the large drop in coefficient values obtained as the Reynolds 
number decreases to small magnitudes, a phenomenon frequently 
reported in the literature for viscous flow of an incompressible 
fluid 
curves illustrating the nonconstant flow rate for low Reynolds 
numbers for pressure ratios below the critical value. 

Available calibration results for nozzles with viscous liquids 
were investigated with the expectation that a reference curve for 
comparison with compressible-fluid characteristics could be de- 
veloped. A study of the literature reveals that for the limited 
amount of data available, it is not possible to develop a satisfac- 
tory reference curve owing to the nongeometrical similarity of 
nozzle shapes, pressure-tap locations, and nozzle-to-pipe dimen- 
soles 

Velocity distributions at the nozzle throat for both compres- 
sible and incompressible fluids exhibit thick boundary iavers at 
low Revnolds-number flows, Since the boundary laver is a re- 
gion of reduced velocity and, in turn, reduced flow, the discharge 
coeflicient decreases as the boundary-layer thickness increased 
Shapiro and Smith (3) have computed discharge coefficients for 
nozzles based on viscous boundary-layer growth in a straight 
pipe having an effective length equivalent to the nozzle and com- 


Cirace and Lapple (2) recently published nozzle-coefficient 
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pared their results with experiments by other authors. Reasona- 
ble correlation was obtained with the data of Buckland (4) and 
Smith and Steele (5), and excellent correlation with one of the 
curves of the latter authors. 

The Smith and Steele (5) curve for a 0.125-in. nozzle in a 1°/- 
in. pipe has been selected arbitrarily as a comparison curve for 
this work. It should be noted that owing to nongeometrical 
similarity, the comparison curve is of relative value for trends 
only. 


Tue Fiow System 


The special small low-pressure wind tunnel described by Kane 
and Folsom (6) was used for making the calibrations reported 
here. Air was drawn into the upstream or stagnation chamber 
through an air drier, filter, and gasometer. The test nozzle was 
located between the stagnation chamber and the downstream, 
The air passed through the nozzle, the test 
chamber, and a connecting pipe into the ballast tank. The bigh- 
vacuum pumps are connected to the ballast tank. The up- 
stream temperature 7), and pressure p,, were measured at points 
2*/, in. upstream from the nozzle plate in the cylindrical stag- 
nation chamber of 8.5 in. diam and 12 in. long. The test cham- 
ber was rectangular in section with sides 10 and 11 in. and 12 in. 
in length along the flow direction. The downstream pressure py, 
Was measured at a point 1 in. downstream from the nozzle and 8 
in. from one edge of the chamber in the 10-in. side. 

The 9.00-in. ISA nozzle was tested in « similar wind tunnel of 
larger dimensions. Geometrical similarity does not exist; how- 
ever, due to the ratios involved, it is believed that the differences 
in arrangements are not important. The large tunnel system 
has been described by Schaaf, Horning, and Kane (7). 


or test chamber 
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\ mercury-in-glass barometer was used to determine baromet- 
rie pressures. Absolute pressures were measured with a Me- 
Leod gage having the range of 0.001 mm mercury to 0.4 mm 
mercury. In addition, a precision manometer (essentially a 
U-tube with butyl phthalate as the fluid) was used for the pres- 
sure range 0.1 mm mercury to 25 mm mercury. Although the 
MeLeod gage and the precision manometer were very slow in 
response, it Was necessary to employ primary instruments of this 
type. Normally, high vacuum pressures are measured by Pirani 
gages or similar devices. These are secondary instruments and 
experience has shown that the reading taken at any one time on a 
Pirani, ionization, or similar gage, depends on the previous 
history of that gage. For example, a Pirani gage could be used 
to measure the vacuum in a system just after it is brought down 
from atmospheric conditions. Twenty-four hours later, although 
the absolute vacuum in the system was set to be exactly the 
same, the conditions on the hot wire for heat transmission will 
have changed and the pressure indicated by the Pirani gage 
will be different. 
not used in making the measurements nA 
ae 

Ambient-air conditions were measured by a mercury-in-glass 
thermometer. A thermocouple (copper-constantan) was in- 
stalled in the stagnation chamber. No determination was made 
of downstream temperatures, 


As a result, convenient secondary gages were 


TeMPERATURE MbASUREMENT 


Votume-Rate MEASUREMENT 


With the small wind tunnel, two gasometers were. used for the 
measurement of volume of air flowing. The first gasometer was 
Sin. in diam and had a bell travel of approximately 15 in. It was 
uncompensated for pressure differences due to variation in sub- 
mergency of the bell because the change in absolute pressure be- 
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FOLSOM—NOZZLE CHARACTERISTICS 
tween the positions of the bell at the top and the bottom was 
approximately 0.1 per cent. The liquid used was Lytton low 
vapor pressure oil (8). Calibration of the gasometer indicated 
variations in cross-sectional area of less than 0.2 per cent. The 
time of descent of the bell was measured with a stop watch and 
duplicate determinations were made in all cases. The length of 
travel varied from 0.2 to 14 in. 

Owing to the difficulty of determining the travel of the 8-in. 
gasometer bell at the lower flow rates, a second gasometer of 
smaller capacity was constructed, This consisted of a 1'/,-in- 
diam bell which had a test travel of about 13 in. Corresponding 
nozzle-calibration runs (1000 4 for p;) showed the gasometers did 
not give the same results. Analysis indicated the discrepancy 
to be in the small gasometer, but all values have been presented 
in the graphs in order to establish trends. 

In cslibrating the subsonic nozzle in the large low-pressure 
wind-tunnel, weight rate of flow was determined with the aid of a 
calibrated diy-gas meter. 


NozzLes TesTev 


Two nozzles having throat diameters of 0.125 and 0.875 in 
were constructed according to ASME specifications (1). These 
nozzles were tested over a pressure-ratio range from approxi- 
mately 0 to 0.95. One 9.00-in-diam ISA nozzle was constructed 
and tested over a limited range of subsonic pressure ratios 
Fig. | shows the test range for these nozzles in terms of throat flow 
characteristics. Table | summarizes important nozzle features. 


TABLE 1 
Nozzle no. 


FEATURES OF 


Nozzle diam, in. 


NOZZLES TESTED 
Type 8 m 
2? ASME 0 0147 0 00022 
2 5 ASME 0 103 0 0106 
3 ISA 0.25 0 0625 


Nozzles Nos, 2 and 3 had pressure taps in the throat. In nozzle 
No. 2 the tap was located with the center line '/, in. upstream 
from the nozzle outlet and the pressure-tap hole was 0.060 in 
diam. For nozzle No. 3, the threat tap was 0.060 in. diam with 
the center line '/. in. upstream from the outlet face. 


EXPERIMENTAL RESULTS 


Discharge cvefficients for nozzles Nos. 1 and 2 are plotted in 
Fig. 3 against the pressure ratio, The experimental points show 
the general trend predicted from the characteristics illustrated in 
Fig. 2. Each curve is for a constant pressure and approximately 
constant temperature in the upstream chamber, The experi- 
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IN HIGH-VACUUM FLOWS—RAREFIED GAS DYNAMICS 


mental points shown in Fig. 3 apply to a specific geometry of 
flow nozrle (ASME) and installation, including pressure-tap loca- 
tions and 8-ratios. The test nozzles were installed between two 
relatively large chambers so that the velocity of approach to the 
nozzle was too small to consider, and the kinetic energy of the 
jet issuing from the nozzle dissipates a good portion of its kinetic 
energy through mixing and introducing turbulence into the air 
in the downstream chamber. When the pressures are measured 
in the large chambers some variation of coefficients is to be ex- 
pected between compressible and incompressible flow at a given 
Reynolds number, the difference decreasing as the pressure ratio 
for the compressible flow approaches unity. 

In Fig. 4 the discharge coefficients are plotted against the 
throat Reynolds number. For pressure ratios below critical, 
throat conditions were calculated on the basis of isentropic ex- 
pansion to the eritical pressure. At larger pressure ratios, cal- 
culations were based on isentropic expansion to the pressure 
measured at the tap in the downstream chamber. The reference 
curve taken from Smith and Steele (5) was for a viscous liquid 
in a long throat nozzle with double radii of curvature for the 
long entrance portion, upstream pressure tap at 1 in. from the 
0.125-in-diam nozzle (3 = 0.091) and the downstream tap in 
the throat. 

Referring to the test points in Fig. 4, it will be noted that each 
nozzle at each upstream pressure condition exhibits a coefficient 
characteristic departing from a generally continuous line, or nar- 
row region, as the Reynolds number increases and the pressure 
ratio decreases. Efforts to predict or correlate these “break- 
away” points has been fruitless. The trend shown apparently 
is a characteristic of viscous-compressible flow through ASME 
nozzles installed as for these experiments. 

The test points for the No. 3 nozzle are included in Fig. 4 
Since these tests were at high pressure ratios, compressibility has 
very little influence, but there is a loss in accuracy as the coet- 
ficient depends on a calculation based on the small difference in 
two relatively large numbers, The increased spread in experi- 
mental points is to be expected. 

In order to investigate more fully the peculiar shape of the 
nozzle-coefficient curves for compressible flow shown in Fig. 4, 
a series of tests was made with the No. 2 nozzle to compare pres- 
sures measured at the throat and in the downstream chamber. 
The pressures at the throat tap proved to be higher than the 
corresponding values measured in the downstream chamber. 
Table 2 expresses the averaged results when given in terms of the 
pressure ratio. 
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condi- 
If the 
appear 
that the pressure in the thick boundary laver does not corres- 
pond to the magnitude vormally expected 
have pressures in the boundary laver different from those at 
corresponding positions in the core of the fluid, it is to be ex- 
pected that the expansion ratios and velocity distributions will be 


It should be noted that the pressure ratios for throat 
tions are always greater than the critical value of 0.528 
measurement of the throat pressure is correct, it would 


Since it is possible to 


different and this change will be manifested as a change in coet- 
ficient for otherwise similar flow conditions 

Fig. 5 gives the discharge coefficient versus Reynolds number 
characteristic curves for downstream pressures measured at the 
throat tap as well as the related curves from Fig. 4. The throat- 
tap curves possess the breakaway but to a 
smaller degree than the chamber-tap curves. 


characteristics 


SUMMARY 


Calibration data have been obtained for two small converging 
ASME nozzles and one large ISA nozzle with dry air in the vis- 
cous-compressible flow regime. The discharge-coefficient magni- 
tudes were in the expected range, but no direct comparison with 
viscous (incompressible) flow regime was possible, owing to the 
lack of suitable published coefficients. The results 
strate the importance of pressure-tap location and installation 
on coefficients, and a breakaway 
acteristic which developed as the pressure ratio across the nozzle 
Slip flow may influence the results since tests 
were conducted in the region where slip effects are known to be- 
gin to be appreciable, but it was pot possible to separate the low 
Reynolds number and slip phenomena, Additional work will be 
necessary to develop a complete presentation of viscous-com- 
pressible metering with nozzles, 
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Basic Difficulties in n Pulsating-Flow Meteri ing 


By 


Practically all research work in the field of flow meter- 
ing has been devoted to a development of devices for 
obtaining an average of the square root of the pressure 
differential, and means for preventing distortion of the 
pressure transmission in the lines connecting the primary 
to the secondary part of the meter. The author shows 
that, in measurement of severely unsteady flow, these 
may not be the most important factors, but rather that 
the primary element itself does not give a response in this 
type of flow which can be cor “ean correctly by the 
usual steady flow-metering methods. 

wie 

“NOR more than 30 years the problem of accurate metering 

of pulsating flow of liquids and gases has occupied considera- 

ble time on the part of men in the flow-measurement field, 
and has developed a voluminous literature of its own. A sizable 
portion of the materials being transported in pipe lines is pro- 
pelled by devices, such as reciprocating compressors, which make 
the flow unsteady or pulsating, while research and control work 
with internal-combustion engines is constantly faced with the 
measurement of this type of flow. For almost as long as “‘inferen- 
tial’ flow measurement (in which the flow rate is inferred from 


INTRODUCTION 


. 
some other property, usually pressure, instead of being measured 


directly) has been used, it has been known that unsteadiness in 
the rate of flow is a troublemaker and may lead to extremely 
inaccurate measurements with those methods which do an excel- 
lent job with steady flow. 

Practically all research work that has been done in this field to 
date has been based on some such assumption as the following: 
“Any inferential-head meter will measure correctly if the secon- 
dary device will measure accurately the differential pressure 
across the primary element, and if the average of the square roots 
of the instantaneous readings can be determined.”” Because of 
this belief, almost all time and energy devoted to this study has 
been channeled into two paths, namely, devices for obtaining an 


average of the square root of the pressure differential, and means 
_ for preventing distortion of the pressure transmission in the lines 


connecting the primary to the secondary part of the meter. 


It 


is the object of this paper to show that in measurement of severely 
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unsteady flow, these may not be the most important factors, but 
rather that the primary element itself does not give a response in 
this type of flow which can be interpreted correctly by the usual 
steady flow-metering methods. However, to lead into this con- 
cept easily, it would be well to discuss the background of the 
earlier investigations. 

The basis of inferential methods of metering lies in an equation 
whereby the velocity, quantity, er weight of flow can be caleu- 
lated from measurement of areas, pressure differential between 
the entrance and throat of the meter or other related locations, 
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and density of the material flowing. The basic equation is de- 
rived for a Venturi type of unit in which the flow is guided within 
fixed walls so that the true cross-sectional area of the flow is 
known at all times. In steady flow, the more 
plate provides a flow situation similar to a highly frictional 
Venturi and, through the use of experimentally determined 
‘coefficients” for correction, fully satisfactory metering is done 
with this very simple and inexpensive device; later it will be 
shown that this orifice type of meter is probably unsuited to 
flow circumstances where variations are large and rapid. 

METERING OF Steapy Flow 

The basic flow equation for the steady-flow case is 


common orifice 


w = AKOV 


where 


gravimetric rate of low = VAp 

flow coefficient (coefficient of discharge with approach 
factor included ) 

difference between upstream pressure p,, and throat 
pressure 

acceleration due to gravity 

upstream density 

throat area 


k 


where 


1 — 
(pa/pr)?/* — (P2/Pr 
1 1 Pr 


[ 1 — (D./D,)* 
1—(D, D,)“po/ pr? 


‘Ve 
k = ratio of specific heats 
D,, D, = upstream and throat diameters, respectively. 


This is derived by combining three fundamental equations 
from the theory of fluid mechanics: the energy (Bernoulli) equa- 
tion, the continuity equation, and equation of state. On the 
assumption of steady flow of perfect gases, of the flow being 
one-dimensional (no variation of velocity across any cross sec- 
tion of the conduit at a given instant), and of reversible adiaba- 
tic (frictionless and no heat added or removed from the outside 
of the conduit) these equations are as follows: 

(a) The Bernoulli equation, which states that the sums of the 
mechanical and thermal energies are equal at any two points in 
a horizontal pipe, is 

Vy k 
29 k—1 
where », and » = specific volumes at points | and 2, respectively. 

(b) The continuity equation, which says that the weight of 
the material passing through one cross section of the conduit ix 
the same as that passing through another cross section at the 
same instant, is 


Pt: = 7 


127 


[3] 


(c) The state equation, which states that, because of the 
assumption of reversible adiabatic flow for perfect gas, the spe- 
cific volume of the gas will vary in a definite relationship with the 
variation of the pressure as the gas proceeds through various 
parts of the meter, is 


w= ViAp, = 
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TRANSACTIONS 


equations, when combined to eliminate all variable= 
except the pressures, one of the velocities, and the known areas 
result in the basic equation given previously. Then, with the 
Venturi, to allow for such deviations from basic assumptions a 
the facts that the gas is not exactly perfect, is not truly frictionless, 
and is not truly one-dimensional (especially at the throat where 
work by Hooker shows the velocity to be different at the edges 
from that at the center of the conduit), flow coefficients must be 
incorporated, based on experimental work. The orifice meter 
different flow substitutes an 
equation 


These 


uses coefficients and empirical 


/ 
Y = 1— [0.41 + 0.35(D, 
p 


for @, because the fluid is not guided by solid walls and so finds 
its narrowest cross section (vena contracta) beyond the hole in 
the orifice plate. Also, the orifice has far more friction loss due 
to turbulence than is found in the Venturi. All of these empirical 
matters have been studied thoroughly and tabulated carefully 
in many publications, but for the steady-flow case only. 

Now it is possible to see why the emphasis has been so strong 
Equation [1] shows that the flow ve- 
locity is roughly proportional, except for variations of the density 
and the pressure ratio, to the square root of the differential 
pressure the An averaging 
would average the pressure differential, but the square root of 
this average would not be equal to the average of the velocities 
or instantaneous square roots of the differentials, and so would 
Speaking in calculus terms, 


on the square-root error: 


ACTORS meter taps. manometer 


introduce an error, this means 


/ Apdt 


Lindahl! has calculated equations for the error which is involved 


(Ap)' ‘dt {5} 


in this factor for sinusoidal, rectangular, and triangular wave 
Witte presents curves for rectangular waves of various 


amplitudes and time relationships, while G. Sauer 


shapes 
and others 
have made similar computations, assuming simple wave forms 

Special devices and linkages have been developed, and in some 
by Bailey, G. Sauer, and many others, which 
would handle this difficulty. Schultz-Griinow also proposes an 
ingenious method which involves two sets of measurements, one 
of the regular flow and a second with a known amount added or 
removed to this flow, for which situation equations may be de- 
rived which eliminate the calculation error discussed in the fore- 
going. An important fact which should be noted here is that 
despite the need for metering of unsteady flow, 
methods has been widely adopted. Except for special instances, 
they do not appear to solve the problem completely, 


cases patented, 


none of these 


The second source of error which has received attention is that 
of distortion of the pressure pulses, occurring in the metering of 
unsteady flow, as they pass from the primary part of the meter to 
the secondary part. Since the material in the tubes bet ween the 
meter taps and the recording device is usually a compressible 
gus and since, in the case of manometers at least, there is usually 
some movement on the part of the pickup device, there is almost 
bound to be some flow in these tubes, Throttling of the tubes, 
unequal flow which is almost bound to occur because of the dif- 
ferent pressures at the two taps, and similar phenomena will dis- 
tort the pressure pulse so that the pressure reaching the second- 
ary part is not the same as that leaving the primary part. It 
is also quite possible for waves to be set up within these lines 
themselves, causing further trouble. 

This, of course, further complicates the problem. Witte 
Another study 


has 
presented curves calculated for a particular case 


of this same problem by Taback is based on electrical-analog 
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methods, which have a certain usefulness in this field, and has 
been checked by experiment. 

If this were the only other serious source of error it could be 
mainly eliminated, also, by using connections as short as possible 
and with maximum bore, by introducing linear throttling in the 
connecting tubes, and by using taps as symmetrical as possible. 
Or, better still, electronic devices can be used which are attached 
directly to the conduit and thus transmit, electrically, to the ampli- 
fiers or other intermediate devices, the exact impression of the 
pressure within the conduit. 


Errects or Unsteapy on Primary Unir 


When methods are employed to overcome the errors just dis- 
cussed it is found that incorrect results are still obtained in 
fairly severe cases of unsteadiness. This led to the development, 
by Beitler, Lindahl, et al., of the ‘“‘pulsameter’’ which is intended 
to indicate those situations in which pulsating flow willgiveerrone- 
ous readings on meters, although it does not attempt to estimate 
the error nor does it supply any correction factor which may be 
applied. Investigators are agreed, in general, that there is no 
correction factor which has been determined experimentally which 
can correct observed values to correct values in most cases of — 
pulsating flow. 

A closer analysis of the problem indicates the likelihood that 
the source of error is more fundamental than has been indicated 
up to now. It seems probable that the usual steady-flow equa- 
tions are inapplicable in the most general case and that the true 
equations lead to results which show that it is impossible for 


the usual measuring methods, even if the errors discussed earlier 


are eliminated, to give correct results in the presence of severe — 
pulsations. That is to say, the principal! error arises in the pri- 
mary device and the pressure responses at that device do not 
have the same inferential connection to velocity of flow in the 
unsteady case as is found in the steady case 

A basic assumption in these studies in the past has been that 
the unsteady case may be treated as a modified case of steady 
flow, using the steady-flow methods with what seemed to be 
appropriate modifications, instead of recognizing that steady 
flow is actually a special case of unsteady flow and that the funda- | 


mental equations for unsteady flow have additional, time-depend- 


ent terms as compared with those of Equations [2] and [3] 
The energy equation for the more general case is 


1 
J; 


. 


while the continuity equation 


— A; = A 
1 


The state equation, which has to do only with conditions at any 
particular point and not with the instantaneous difference be- 
tween two points, is not affected by the flow condition and remains : 
the same. Notice that if the flow is steady, the right-hand terms — 
of the energy and continuity equations become zero because the 
derivatives with respect to time disappear if there is no variation — 
with time, and the equations reduce to the special cases which are — 
Equations [2] and [3]. 
If these equations are now combined in a manner similar to — 
that used for Equation [1], the result isa mess. It can be handled — 
more readily in the differential form, but then the result is what is_ 
known as a nonlinear partial-differential equation which is capa- 
ble of solution only in particular cases and then by step-by-step 
approximation methods which are hardly “practical.” It may 
be that a special computing device could be designed into which 
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their “infinitesimal perturbances,” employ linear equations. 


- 


q 


magnitude 


the pressure readings and time rate of change of pressure readings 
_ could be fed electrically, but such a possibility has not been ex- 
plored as vet. Even if it could be designed, the equations are of 
such a nature that the apparatus would have to be quite complex. 
Unfortunately, the electrical analogies which work so well for 
- acoustic problems do not work here because the pulsating flow 
“waves of finite amplitude” as Lamb calls them) involves non- 
linear partial-differential equations while acoustic problems, with 


The question now arises as to whether these extra time-depend- 
ent terms are really significant or whether they are of negligibie 
It was suggested in the discussion of an earlier 
- paper that such terms could be neglected because “what goes up 


must come down,” so that any positive rate of change would be 
balanced by the corresponding decrease that must follow and, 


needs, 


on the average, the terms could be omitted. However, the fact 
- that the resulting equation is nonlinear indicates that this is 
not so because the various positive and negative values will be 
multiplied by different quantities and so will not balance out. 
But this is not really convincing evidence since a long, compli- 
_ eated, mathematical development is necessary before it can be 
proved. It is better to look at the experimental evidence which 
has been gathered so that one may see qualitatively, at least, 
that these time-dependent terms are really significant and there- 
fore cannot be ignored in their nonlinear equation. * 
Perhaps the most convincing argument that they are signifi- 
cant is found in the experimentally determined negative pressure 
differentials. When pressure differentials across orifices and 
other metering devices have been studied with sensitive instru- 
ments, it has often been noticed that the pressure differentials 
_ will often actually reverse; that is, the entry pressure will be lower 
than the throat pressure. This phenomenon has been observed 
in Venturis and flow nozzles with both compressible and incompres- 
sible flows. Generally this has been interpreted as meaning a 
_ reversal of flow, but this is difficult to visualize, as there is little, 
if any, reason why flow which is going in one direction should 
suddenly turn around and go in the other, Also, if the steady- 
flow equations were to hold for such stream-guiding units as 
- Venturis, it can be proved readily, for the usual case of steady 
subsonic flow, that the pressure will always be lower at the nar- 
rower section, regardless of the direction in which the stream is 
flowing. 
--'The correct answer seems to lie in the fact that force is pro- 
- portional to acceleration, not to velocity. In the usual meter, 
the fluid accelerates from the entry to the throat of the meter 
and, if the entry velocity and the acceleration between the two 
points are steady, this fixes the throat velocity and, in turn, the 
. pressure differential. A negative pressure differential, then, does 
not mean a reversal of flow but greater decrease in velocity at the 


throat than is occurring at the entry; neither of these velocities 


a nor probably does, reverse. Since the time-rate-of- 
change of velocity is the acceleration, and since this is tied to the 

- relative pressures and their changes, it is clear that the time-depend- 

ent terms should not be negligible, at least in the presence of 
severe pulsations. 


Another phenomenon points to the same conclusion: Experi- 


- ments have shown that for the same cyclical rate and the same 


maximum-to-minimum pressure variation across a primary device 
the error is considerably greater for a pulsation wave of complex 
shape, with several harmonics present, as compared with a 
simple wave. These wave shapes were determined by use of 
fast-acting, electronic equipment. The presence of ripples on a 
basic wave should have little effect on the average value of the 
_ pressure differential since the difference between the average of 
the square roots and the square root of the average root of the 


average is negligible when the magnitude of the variation 


NO 


is small. However, these complex waves have, as the steeper 
slopes of their sides indicate, far higher time-rate-of-change 
values than do the simple waves. Clearly, then, there is signi- 
ficance to the time-dependent terms in Equations (6| and [7). 

The same factors explain the situation where considerable 
errors are found in cases in which the pressure changes are small 
but rapid, such as those caused by the blades of a centrifugal 
blower. Since the pressure surges are minute, the average square 
root should be only infinitesimally different from the square root 
of the average, but the time-rate-of-change of pressure can 
be very large, leading to importance for the time-dependent 
terms of the unsteady-flow equations. Experiments by the author 
were conducted on a 250-rpm air compressor with a Cox Type 3 
quartz pressure element, an amplifier, and a Hathaway oscillo- 
graph using an OA-2 galvanometer of natural frequency of 2000 
eps. Irregular pressure fluctuations were shown superposed 
on the larger cycles corresponding to the main motion of the com- 
pressor, and these smaller variations appeared to be of highly 
irregular frequency but averaging about 500 cps. Under these 
circumstances, the length of the propagating pressure waves is 
seen to be approaching in general magnitude the dimensions of 
the usual metering instruments; the usual assumption in studies 
of this kind is that the waves are very long compared with the 
meter dimensions. 

Finally, the other chief phenomena concerning error in unsteady 
flow which were observed by Judd and Pheley, Beitler, and the 
Fluor Corporation, are all readily explained by the unsteady- 
flow analysis as discussed in this paper. These phenomena are 
as follows: 

1 Increasing the pressure differential by decreasing the area 
ratio with constant flow will cause the error in the flow reading 
to increase. 

2 As the flow rate is decreased with constant area ratio, the 
relative error in the flow reading will increase. 

3 For constant pressure differential, the error 
increased as the area ratio decreases. 


in w is 


oF ror Unsreapy Flow 


In the earlier portion of this discussion it was pointed out that 
the fundamental equations for flow through an orifice arise from 
the theoretical analysis of the Venturi with empirical correction 
factors included to take care of the vena contracta cross-sectional 
area as compared with the orifice area, and the high turbulence in 
the downstream section. As conventionally pictured in the 
steady-flow case, flow through an orifice does indeed resemble 
that through a Venturi except that the “walls” are of turbulent 
gas or liquid instead of metal. 

However, as flow through an orifice varies from one steady 
condition to another, the vena contracta and the coefficient will 
change also. This variation is quite pronounced when compared 
with that for the Venturi’s coefficient, as might be expected 
because of the absence of fixed walls to guide the flow. The diffi- 
culty in determining the proper coefficient is therefore great in 
the case of pulsating orifice flow, and is magnified by the fact 
that the up and downstream pressures do not vary at exactly 
the same time, since it takes an instant for a pressure pulse to 
propagate along the flow, thus distorting the Venturi-like pattern 
even more. 

Another complicating factor is the reflection of pressure waves 
from the face of the orifice plate. In steady flow there is, of 
course, no phenomenon of wave reflection since there are no 
waves, but the pressure surges of unsteady flow will reflect off 
the fixed plate surface on the upstream side of the orifice, com- 
plicating the pressure conditions above the orifice. This may be 
seer occurring in a ripple tank, in which wave phenomena of com- 
pressible fluids may be visualized through surface ripples on 
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shallow water, A similar reflection situation with a somewhat 
simplified analysis of its effects is analyzed by DeJuhasz. 

It would appear, therefore, that if progress is to be made in 
the actual metering of unsteady flow, it has a better chance with 
the Venturi than with the customary orifice. It is perhaps perti- 
nent here to mention study of the unsteady flow of liquids through 
a flow nozzle by Estel in which he shows that the variation of the 
coefficient of discharge for this Venturi-like device is very small 
in the presence of different cyclical rates of pressure variation 


CONCLUSION 


In «a sense, this is a pessimistic paper in that it demonstrates 
that the problem of metering pulsating flow is considerably more 
complex than seems to have realized The 
basic difficulties in the metering of unsteady flow lie not only 


been heretofore. 
in the difficulties in obtaining proper response in the secondary 
unit and its connections, but even more in the nature of the rela- 
tionships between pressure and velocity in the primary unit 
Since the equations involved are far less simple than those in 
the steady it cannot be expected that the usual metering 
equipment could give satisfactory values for highly pulsating 
flow 


case, 


Nor can a correction factor be used because it would de- 
pend on the infinite possibilities of frequencies and wave shape 
in addition to the usual variables 

It is quite conceivable, however, that there is a “twilight 
zone between the region in which the usual metering methods are 
satisfactory and the region in which the discussion of this paper 
Hardway of the 
on an electronic method designed for use in this range, and the 
results will be of much interest. 


applies, Beta Corporation, has been working 


For the severe cases, there appear to be only two possible 
courses: 

1 Eliminate the pulsations, This is the method usually used 
today and involves such means as throttling of the flow, surge 
tanks, or specially designed pulsation dampers. Unfortunately, 
these methods are either wasteful or else they will operate only 
under particular flow conditions and so are not applicable in the 
many situations where the flow rate is highly variable. 

2) Develop a metering device which will be based on the proper 
equations as developed in this paper. If this device is to be 
actuated by pressures, it would have to be quite elaborate and, 
could not be developed except through the use of 
approximations which would still lead to inaccuracies in many 
cases. There is also the possibility that a metering device could 
be built on some other basis than pressure, but what this would 
be is not immediately apparent. 


perhaps, 
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By N. A. HALL, 


The flow equations pertaining to the behavior of a fluid 
passing through an orifice are set forth so as to relate the 
flow coefficient to the orifice configuration and to flow 
losses. The general nature of the flow coefficient is de- 
veloped both for the case of instantaneous flow and pres- 
sure differences and for mean flow and pressure difference. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = flow cross-section area 

minimum fluid-meter cross-section area 
fluid-meter pressure coefficient 

fluid-meter energy-loss coefficient 
coefficient of contraction 

local hydraulic diameter 

local generalized momentum friction fac tor 
local generalized loss factor pele 
gravitational conversion factor 
mechanical equivalent of heat 
instantaneous flow coefficient 
mean flow coefficient 


igh 


linear distance along flow path Soe 


density 


pressure 
internal entropy 
time 
temperature 


= 
Subscripts: 

1 = upstream preasure-measuring position ==>) 
2 = downstream pressure-measuring position 
m = mean value across fluid meter 


INTRODUCTION 
The universal success and acceptance of differential head 
meters as satisfactory and simple measuring devices for steady- 
flow systems is due largely to the fairly basic physical principles 
on which they operate and their use of a single differential ma- 
nometer as a measuring instrument. ‘ This situation has pro- 
duced a popularity which has led to a natural desire to use the 
same equipment for all types of flow. It was recognized early 
that significant errors occurred if the same technique and formu- 
lation were used for pulsating as for steady flow. The difficulty 
involved has been discussed clearly and capably by a number of 
individuals (1-8, 10, 11, 15, 17).? 


! Professor of Mechanical Engineering, University of Minnesota. 
Mem. ASME. 
? Numbers in parentheses refer to the references at the end of the 


per. 

Contributed by the Fluid Meters Research Committee and pre- 
sented at the Annual Meeting, Atlantic City, N. J., November 25-30, 
1951, of Tae American Society or MecHantcat ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
November 7, 1951. Paper No. 51—A-149 


and Flow 
Pulsating Flow 


a, sures. 


dh totenclvcerbia _ some efforts have been made to provide means of obtaining con- 


4 
the throat Reynolds number. 
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Most of these discussions have either endeavored to establish 
limits of operation to insure that specified errors were not exceeded 
or have been concerned with modifications of the basic instru- 
ment in order to accommodate the pulsating flow. These efforts 
have been very successful and by accepting the principles set 
forth the measurement of flow where nonsteady effects occur can 
be accomplished accurately and without excessive complexity 
in instrumentation. There remains still, however, some uncer- 
tainty as to just what goes wrong with the conventional meter 

_ installation in nonsteady flow and what kind of analytical corre- 


lation can be given for the behavior. 


The errors and discrepancies are due to improper application 
of the auxiliary pressure-measuring equipment as well as of formu- 


las and coefficients. [It is common knowledge to careful experi- 


2 menters that a conventional static-pressure tap and lead which 
(hea " give very accurate readings on a differential manometer for steady 


| ‘pressures may indicate a reading for nonsteady situations having 
_ nO apparent relation to true mean or even instantaneous pres- 
This difficulty has been investigated briefly (12, 13) and 
proce edures are 


sistent results. No standard recommended 


4 available as vet, however. 


The basic equation for flow measurement? is 


w = A, 29,p,Ap (1) 
_ where the flow coefficient A is primarily a function of the meter 

configuration and only slightly dependent on flow as expressed 
Assuming that it is possible 
to obtain true values for either instantaneous or mean pressure 
differentials for nonsteady flow, there remains the question as to 


a whether the established flow coefficient will give true values of the 


flow rate. This question has been considered experimentally and 


Es q some working rules developed (11). 


The flow coefficient can be shown as suggested previously‘ to 
be dependent in all cases only upon the meter configuration and 


ieee es a loss factor determined by friction and flow separation. The 


extent of its applicability to nonsteady flow is then dependent on 
the modifications implied by acceleration terms in the basic flow 
equations and transient effects on the loss factor. 

The flow process in the neighborhood of a differential head 
meter such as an orifice or a flow nozzle is of sufficient complexity 
so that it is quite impractical to write down the flow equations in 
their most complete generality. The immediate concern is the 
effect of time dependence of properties in a linear direction along 
the flow system across the meter. Furthermore, the time de- 
pendence need include only large-scale fluctuations and not 
random turbulence. It is convenient to assume that the flow is 
one-dimensional. In so doing the various properties are aver- 
aged across the flow system. This ix analogous to the averaging 
which is tacitly admitted in eliminating random turbulent fluctua- 
tions. A slight error is introduced in that different mean veloci- 
ties actually arise in determining flow rate, momentum, and 
energy. This error, however, can be incorporated fully in the 
over-all coefficients ultimately introduced. It is recognized that 


* Reference (16), p. 146. 
‘ Ibid., chapter 10 
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om ANSACTIONS 
the corrections devi *Viations from flow may be 
quite as large as some of those for nonsteady flow. The former 
are not included in the analysis to follow in order to bring out 
more clearly the nonsteady-flow effects. 


The flow equations may be set up initially allowing for a con- 
tinuous change of state and configuration along the direction of 
flow through the meter. The over-all effect can then be obtained 
by integration. On this basis and accepting the several assump- 
tions stated, the flow equations are as follows 
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These correspond under the restricted condition to more general 
and more fundamental equations (14, 15). The first term in the 
momentum equation represents the change in momentum of a 
moving fluid element, the second the pressure gradient, and the 
third an effective measure of external force distribution, such as 
wall friction and pressure discontinuities resulting from separa- 
tion. The term f,, is, accordingly, a generalized momentum 
friction factor, D is any suitable reference diameter, and the term 
V/V) is introduced solely to provide proper sign in case of re- 
versal of flow direction. The energy equation equates the energy 
dissipated by a fluid element in motion as expressed by an in- 
ternal entropy change® to a term involving a generalized local loss 
coefficient (14), f,. The two coefficients f,, and f, are nearly 
equivalent and would be exactly so except for losses involved in 
the dissipation of random turbulent fluctuations in addition to 
that due to wall friction. 

These equations describing the local behavior must be inte- 
grated across the flowmeter as the local friction and loss coefficients 
would be determined only with difficulty and are only of second-_ 
ary interest in themselves. The integration is from a position 7 
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the total change in these properties across the meter will be small. 
On this basis the momentum equation becomes 


Pi) + 


where 


The correetion A p, is zero for steady and constant-density 
flow. However, in pulsating flow with any degree of compressi- 
bility it may be very significant in accounting for phase differ- 
ences in pressure waves across the fluid meter. 

For steady flow the term! corresponding to C, is also a measure 
of energy loss corresponding to the internal entropy increase. 
Basically, however, the dissipation of energy is an action of indi- 
vidual fluid elements and should be derived from the energy 
equation. In integrating the energy equation across the meter 
the change in both time and position according to the motion of 
the fluid element must be included. The dissipation as a line in- 


tegral applying (4) is then 
dr 


ds 
T ds, = T 
4 f (‘ dt 


ds, 


ag 


1, upstream of the meter, to a downstream position 2, in the neigh- 7 
borhood of the meter throat. These correspond to the positions 


at which static-pressure measurements would be made. 
The coutinuity equation becomes 

or 


— 4 / AS ar =0 


= Aw, 


The correction Aw, is zero for steady or constant-density flow 
and is small in almost all cases likely to occur. 


In integrating the momentum and energy equation an arith- 
metic-mean value for density and temperature may be used since 


* See Refi 16), p. 51. 
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where 


C, = dr 

J, DY 

The loss coefficient C,, and the pressure coefficient C,, will 
differ not only because of the small difference in the local coeffi- 
cients but more so because of the difference in the integration 
path. This distinction indicates that in nonsteady flow the de- 
termination of energy loss may require an independent approach 
from the evaluation of pressure differences and that the corre- 
sponding coefficients in instantaneous flow may be very different. 
Thus the conventional procedure of computing energy loss di- 
rectly from pressure drop as in steady flow may be in error (9). 


App.yine Basic Equation 


The basic flow Equation [1] may he applied formally to the 
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determination of flow from instantaneous-flow conditions. In 
such a case the flow coefficient will depend not only on meter con- 
_ figuration but also on the pulsation pattern as well. From the 
flow Equation [1], continuity Equation [6], and momentum 


i Equation [9], the flow coefficient may be expressed as 
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where C, is the area ratio relating the downstream pressure-point 
flow area to the meter throat area and £8 is the meter diameter 
ratio. This is identical in form to the corresponding equation 
for steady flow‘ aside from the correction terms A p, and A w,. 
Since these are equal to zero for constant density flow, in this 


K? = 
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As an initial approximation the value of C, can be assumed 
constant and equal to the steady-flow value.’ This is equivalent 
to assuming an instantaneous-flow coefficient equal to that for 
steady flow. This appears to be reasonably satisfactory in many 
_ cases, In ordinary fluids where a small amount of compressibil- 
ity may occur it will be necessary to account not only for non- 
steady effects on C, but also to include the term 


29. Ap, 
Pm V3? 


Usually the instantaneous flow rate and instantaneous pressure 
difference are not of as great interest or convenience in pulsating 
flow as the mean values. If the nonsteady flow is pulsating so 
that any time variation may be averaged to a fixed mean value, 
the several flow equations may be transformed to corresponding 
mean value equations by applying an averaging time integral 


operator 
1 
lim 
0 


to f 


This implies pulsations of rather high frequency with respect to 
the time interval of observing mean values. Indicating the re- 
sult of the averaging operator by a bar over the quantities con- 
cerned the following equations result 
Continuity, from Equation [2] 
w = Ai = As 


Momentum, from Equation [9] 


1 
Ap Pn = 29 (V3 Vv) + VC, 


The corresponding flow equation is 
w = A, K,, Ap 


where K,, is the effective flow coefficient for the mean condition. 
As before, from the foregoing equations this may be expressed in 
terms of the flow condition and the pressure coefficient; in this 
ease by 


* See Reference (16), p. 147. 
7 See Reference (16), p. 150. 
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Ap/p. “id 
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where (", is the mean pressure coefficient defined by 


C, = V2C,/V2.. 


For constant-density flow this simplifies somewhat to the form 


The initial term, V;’ V,*, is the most significant since even if 
C,, is constant and equal to the steady-flow value, this ratio, 
always less than 1, may be very small for pulsations of any sig- 
nificant amplitude or for intermittent flow. If the pulsating ve- 
locity is expressed in terms of harmonic components such that the 
ratio of each harmonic amplitude to the mean velocity is a,, then 


1 
1+, + a? + as? +.... $a2+....).. [23] 
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If the flow is constant density and if C, = C,, then 

or by Equations [1] and [19] 


kK? 


and 


Taking the mean value of this relation it follows in this case that 
2 
K? Ap 
For constant-density flow the values of the flow coefficients K 
and K,, consequently depend on a knowledge of the effect of 
pulsation on the pressure coefficients C, and (, and the ratio 
V,*/V3*. If the local loss is sufficiently localized as in an orifice 
and if the pulsations do not interact too strongly with the local 
flow separation, both C, and (, will nearly equal the steady-flow 
value. There appears to be almost a total lack of experimental 
data on this point. As indicated previously, the velocity ratio, 
V;" ‘Ve depends strongly on the pulsation wave pattern. How- 
ever, in most applications this can be predicted or determined 
from test runs so that sufficiently accurate values can be obtained 
for routine use. 


EXPERIMENTAL 


The primary experimental problem in nonsteady-flow meas- 
urement is that of pressure measurement. This will involve 
either instantaneous pressure differentials for transient flow or 
mean pressure differentials for mean flow. The conventional 
differential pressure-gage installation is recognized as deficient, 
in general. However, there is no basic reason why modifications 
cannot be made to provide satisfactory readings. Recent studies 
(12, 13) have indicated in part some of the characteristics which 
must be considered. It is sufficient to realize that the pressure- 


ee a é measuring system when applied to nonsteady flow is no longer a 
ie equilibrium system. Consequently the dynamic actions 
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within the pressure tap, leads, connections, and gage itself 
must be sufficiently well understood in order to make predictions 
and set up installation specifications. This information is essen- 
tial for the usual liquid manometer obtaining mean pressures and 
also for any of the several types of electrical or electronic instan- 
taneous pressure pickups. In general, it is not practical to ob- 
tain a direct local pressure reading on any type of gage or pickup 
The effect of the local pressure must be transmitted in some 
manner and the behavior of this transmission system remains a 
, problem, 
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Discussion 


V. P. Heap.* 
to regard the dimensional-analysis approach coupled with rigorous 
experiment as superior to a mathematical approach in getting at 
the laws of nature, As the author points out, experiment is 
sooner or later necessary to confirm the findings of anv mathe- 


Many of us have been schooled by experience 


matical investigation, We suggest that before such experiments 
ean be conducted properly, our ideas of the types of quantities to 
be investigated must be clarified carefully. In the interests of 
economy and ultimate usefulness these quantities may differ 
from those in which the theoretical physicist may express him- 
self. The author offers three concepts which may be very useful 
in an experimental study of pulsation: (a) The dominant expres- 
sion in mathematical analysis, the ratio of average velocity to 
rms velocity. (+) He also points out that to talk about flow-rate 


* Direetor of Hydraulic Research, Fischer and Porter Co., Hatboro, 
Pa. Jun, ASME. 
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pulsation in terms of the magnitude of fluctuation of pressures or 
pressure differentials can only be regarded as valid in incompres- 
sible flow. (c) Another point that should be highlighted is the 
importance of higher frequencies, of the tvpe radio hams call 
“hash,” sometimes superimposed upon certain fundamentals. 

When the last two points are considered carefully, we are 
forced to conclude that in pulsation problems, incompressible 
flow does not exist. All pulsations are sound waves and depend 
on the compressibility of the gas or liquid for their very existence 

Those who are concerned with the strength of ducts and con- 
tainers undoubtedly will find it convenient to talk about pressure 
pulsation. However, those of us who are concerned with the 
measurement of rate of flow will find it convenient and almost 
imperative, if we are to keep our thinking straight, to define pulsa- 
tion as the variation from instant to instant in the “rate of flow” 
itself. A sound wave traveling in still air may be regarded in any 
of several lights. It may be regarded as a wave of instantaneous 
velocity variation, a wave of density variation, or a wave of pres- 
sure variation. Pulsation in a closed conduit carrying a liquid 
similarly may be regarded as a sound wave characterized by any 
of these three aspects. That aspect in which we are interested js 
superimposed on a steady value of the same type of quantity. 

The simplest possible equation for rate of flow in any variable- 
head meter is 


Q = KD*V/ gh 


where K is a pure number that presupposes nothing. We leave 
out V2 because it presupposes much. This equation is equally 
valid for instantaneous rate of flow under steady-tlow conditions, 
for instantaneous rate of flow under pulsating conditions, and 
for average rate of flow under pulsating conditions. In general, 
it is the latter that is of importance. We must expect to find the 
experimental coefficient to be a function of several dimensionless 
parameters which are made up of the variables encountered in the 
experimental situation. These variables, as is well known, in- 
clude the viscosity of the flowing fluid, the elasticity of the flowing 
fluid, and the many geometric influences which define the flow- 
meter and its installation, and one more, the pulsation intensity 

There is a marked need, then, for a quantitative idea of pulsa- 
tion intensity and of an experimental means of determining it 
We suggest that for fluid-flow measurement the quantitative no- 
tion of pulsation intensity should be simply the ratio of average 
rate of flow to rms rate of flow. This concept may be modified 
to vield a “point” quantity in the same way that temperature or 
static pressure or velocity are “local” quantities, to be measured 
at a designated point in a flow conduit, by using average veloc- 
ity/rms velocity. For purposes of geometric similarity, a speci- 
fied design and location of a ‘pulsation intensity probe” could be 
identified with a curve or table of pulsation factors, just as a 
specified location for an absolute static-pressure tap is identified 
with a tabulation for expansion factors for inferential variable- 
head or variable-area fluid-flow meters. 

We hope that this line of thinking may inject a note of optimism 
into the discussion of this subject. Specifically, we need the 
following: 

(a) A device to determine whether “flow-rate” pulsation is 
significant at any meter installation —let us call it a “‘rate-pulse- 
intensity” probe, and let us not confuse it with a pressure probe 

(b) The experimental evaluation of various types of rate-pulse- 
intensity “regulators and controllers."”. (Such regulators and con- 
trollers may be devices to reduce rate-pulse-intensity or devices 
to hold constant the rate-pulse-intensit vy. ) 

(c) Experiments to provide tables of corrections for various 
types of inferential flowmeters when employed with rate-pulse- 
intensity probes, indicators, recorders, regulators, and controllers 

(d) The fact of inherent decay of rate-pulse-intensity over the 
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length of a long conduit should not be overlooked, and our rate- 
pulse-intensity probe may be used at two stations properly se- 
lected in a straight pipe run to provide experimental data as a 
tunction of average Reynolds and Mach numbers. 

Under the category of devices to reduce intensity we may in- 
clude conventional! flow controllers when rate-pulse frequencies 
are in the order of 1 cycle per snin to 1 cycle per day; capacity 
bells when pulse frequencies are in the order of 100 cycles per 
sec to 10 cycles per hr; mufflers for rate-pulse frequencies of 
10,000 cycles per sec to perhaps 10 cycles per sec; “reflectors” 
which are opaque to sound but not to flow, such as partially closed 
“venetian blinds” or ball-lattice structures which have “optical” 
effects in transmitting or reflecting very high-frequency sound 
(rather similar to the optica! effects of such structures in the tele- 
vision broadcast band of electromagnetic waves) from about 5000 
cycles per sec up. The desirability or possibility of controlling 
pulsation intensity at a constant level in spite of variations in 
inherent pulsation in a line, as by high-frequency sound input 
controlled at a rate-pulse-intensity higher than the highest ex- 
pected inherent intensity in any particular installation, so that 
the “pulsation factor’ would remain constant, is perhaps too 
Buck Rogersish for the moment. 

It is manifest that pressure fluctuation, whether measured by 
the swing of a pressure-gage needle or an oscillograph of a crystal 
pressure-probe output, has failed to qualify. It has been ob- 
served experimentally at our company’s laboratory and at least 
one aircraft-engine test laboratory, that in the process of satisfac- 
torily eliminating rate-pulse-intensity, particularly by reflection 
methods, pressure-pulse-intensity is often increased rather than 
decreased. 

We are therefore eminently grateful to the author for his 
analysis which points up the prime importance of the ratio V 
(average)/V (rms), and seek his opinion as to the feasibility of 
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lumping all the other complex but second-order effects disclosed 
by his analysis into “geometric similarity criteria,” so that our 
experimental approach may apply equally well to nozzles, orifices, 
Venturis, and variable-area meters employing float shapes whose 
annular flow passages may resemble in a way the concentric flow 
passage of nozzles, orifices, and Venturis, with no concern what- 
ever for “velocity-of-approach factor,”’ “coefficient of contrac- 
tion,” and similar notions derived from purely ‘‘geometric”’ 
considerations. We commend to all interested persons the firs 
serious problem, the development of a satisfactory rate-pulse 


probe. 
Autuor’s CLosurRE 


The comments of Mr. Head confirm the fact that certain parame- 
ters determined by averages related to the pulsation wave pat- 
tern are sufficient to provide corrections to the basic steady-flow 
equations. The most important of these is the ratio of average 
velocity to rms velocity. Whether this parameter would be suf- 
ficient to determine others adequately is uncertain. This question 
among others can only be answered by an extensive testing pro- 
gram involving various types of flow-measuring elements in pul- 
sating flow. It would be expected that some simplification of the 
most general formulation by reducing the number of descriptive 
parameters would be possible. However, although various semi- 
theoretical estimates could be made, experimental confirmation 
and correlation should be regarded as essential. 

In steady flow, Reynolds number is the primary parameter. 
Perhaps pulsation intensity as measured by the velocity ratio 
would play a similar role for pulsating flow as a characterizing 
parameter for the effects of pulsation. However, the possibility of 
local resonance and selective distortion by the flow-system con- 
figuration may limit the adequacy of any single general parame- 


ter in describing the average effects of pulsations. —arn, 
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Pulsations in Gas 


This paper presents the causes of pulsation, their effects 
on the piping and the compressor, and the methods by 
which pulsations can be reduced. By means of an anal- 
ogy to electrical networks,’ the interaction between the 
compressor and the piping can be visualized more easily, 
and the action of the system can be expressed in mathe- 


_ matical form. The resultant equations are not readily 


solvable but can be simplified and solved for the special 
cases which have a tank or filter close to the compressor. 
The results of the computations are compared with ex- 
periments on a laboratory compressor and a few large-size 
installations. They are expressed in the form of graphs 
which make it possible to select an appropriately sized 
surge tank or filter for any compressor and any allowable 
pulse magnitude. 


Summary OF RECOMMENDATIONS FOR DESIGN OF CoMPRESSOR 
INSTALLATIONS 


It has been established that pressure pulsations are harmful 
and undesirable in suction or discharge lines of compressors, 
means should be provided, therefore, to eliminate pulsations, 


1 In general, a single tank is the simplest and most satis- 
factory pulse eliminator, and its proper size can be computed 


_ from the enclosed curves if compressor data are available and if 


the allowable pulse amplitude is known. 

2 Allowable pulse amplitudes should be determined from 
experience, but an upper limit of 2 per cent seems safe for the 
average installation. This figure should be decreased somewhat 


_ for high-pressure lines and may be increased for low-pressure 


pressor. 


suction lines. 

3 Filter-type dampeners will prove efficient only if it is more 
important to remove pulses from the line than from the com- 
Comparing, for instance, a single-tank dampener with 
a m-type filter whose two tanks combined have the same volume 
as the single tank, it is found that pulsations at the compressor 


are over twice as large with the filter as with the single tank, while 


those going into the piping are about one half as large. 

4 The only filter considered here is the r-type filter since it 
appears to be as efficient as any. It is shown diagrammatically 
in Fig. 2(a), and the curves pertaining to it are calculated for 


a cutoff frequency‘ equal to 0.9 times the minimum piston fre- 
quency, so that the relation between the tank volume and the line 
 eonnecting the tanks can be expressed by (see nomenclature in 


Appendix for terms) 


! Research Engineer, Shell Development Company. Jun. ASME, 

? Junior Engineer, Shell Development Company. Jun. ASME. 

* Terms in eiectrical-acoustical analogy are given in Fig. 1. 

* Cutoff frequency is the frequency beyond which a low-pass filter 
stops conducting pulsations. 

Contributed by the Fluid Meters Research Committee and 
presented at the Annual Meeting, Atlantic City, N. J., November 
25-30, 1951, of Taz American Soctety or MecHANIcaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headq 
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5 tis essential that any dampener, whether» filter or a single 
tank, be connected as closely to the compressor cylinder as pos- 
sible, and that any pipe connecting it with the cylinder be of large 
diameter and have no sharp corners. This is to reduce vibrations 
in the pipe and to minimize inertance between cylinder and 
dampener, for any inertance will increase compressor pulses ap- 
preciably. Therefore it is suggested that, wherever possible, 
the dampener be attached directly to the compressor cylinders. 
This method also avoids beat-frequency effects in the manifolds 
connecting several compressors, 92 the pulses of each compressor 
already will be reducsd to & minimum. 

6 Should resonant pulsaticns occur in any section of the line 
and should it be undesirable to change the length of that line or 
introduce a dampener, experience indicates that the use of an 
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Fic. 1) Terms in ANALOGY 
orifice of one half the pipe diameter placed in the resonant sec- 
tion will result in a material improvement. 

Pipes can be resonant at a great number of multiples and sub- 
multiples of the fundamental wave length; moreover, resonance 
generally will occur over a wide range so that it is difficult to pre- 
dict whether or not resonance will occur. It is much safer to re- 
move pulsations first so that no dangerous pulses remain to create 
resonance conditions. For the same reason the dampener should 
be placed as close to the compressor as possible, as already out- 
lined. 

7 Elbows and bends in a pipe do not form reflection points for 
pressure pulses for they do not form acoustical impedances. This 
has been proved conclusively in laboratory tests. However, if 
pulses are present in the flow, vibrating stresses will be intro- 
duced into the pipe at these bends, as shown by Baird and Bech- 
told (28); such corners form the focal points of pipe vibration if 
pulses have not been previously removed from the fluid. 
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TRANSACTIONS 


8 Double-acting compressors can be treated like single-acting 
pistons of twice the crankshaft rpm if the assumption can be 
made that each side of the double-acting piston discharges ap- 
proximately one half the total amount of gas. 

9 It has been suggested by Moore (15) that the design of 
tanks preferably should be such that all of their internal dimen- 
sions be less than '/» the wave lepgth (60 a/N) of the pulses 


Causes OF PULSATION 


It is well known that pressure and flow in a pneumatic system 


are related to each other; flow will not take place unless a pres- 
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sure is present to cause it, or, in turn, varying flow will be accom- 
panied by varying pressure. The alternating motion of a re- 
ciprocating-compressor piston inherently will cause alternating 
tlow in, say, the discharge pipe, even if no discharge valve were 
The action of the valve which prevents flow in one di- 
rection aggravates the flow variations by permitting the entire 


present 


gus mass to flow in what is generally a very short portion of the 
eyele, so that very high rates of change of flow may result. In 
fact, the actual shape of the flow versus time curve depends upon 
Thus a large surge tank 
ean accommodate rapid flow changes without appreciable changes 
similar to a soft mechanical spring absorbing ac- 
an electric 


the piping attached to the compressor. 


ih pressure 
celerations at one of its ends, or capacitor absorbing 
changes in electric current in the line without appreciable voltage 
changes 

\ fairly long, small-diameter pipe, on the other hand, behaves 
like a large inertia mass with respect to accelerations or a large 
electrical inductance with respect té current changes. It will not 
tolerate flow-rate changes without large increases in pressure. 
Such a pipe connected to the discharge of a compressor will cause 
a large pressure rise at the moment the piston forces gas through 
it, and thus may alter the compressor characteristies appre- 
Hence there is a continuous interaction between com- 
and accurate for- 


ciably 
pressor and pipe line, one affecting the other; 
mulas can be established only if the two are considered jointly, 
Just as the voltage fluctuations in an electrical system cannot 
be computed without considering the generator, one must con- 
sider the characteristics of the compressor in calculations for a 
compressor system, 

It is worth mentioning here that pressure pulses in gases (or, 
for that matter, in liquids and solids) travel through the fluid 


with the speed of sound: consequently, the phenomena discussed 
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here fall into the realm of acoustics, and, under certain assump- 
tions to be outlined, can be treated by the well-established laws 
of that science. 


Errects or Putsations 


Before analyzing in detail the mathematical aspects of the pul- 
sating system, let us review the various ways in which pulsations 
can be detrimental to compressor operations. For purposes of 
convenience these may be divided into effects on the piping and 
effects on the compressor. 


1 Effects on the piping system: 


(a) In general, the most serious piping troubles, at least the 
ones most easily observed, come from vibration of the pipe lines. 
Pressure pulsations cause oscillating forces at bends of the pipe 
and if any section of the pipe is resonant to any of the numerous 
harmonics of the pulse, large vibrations are likely to occur, and in 
turn may eause pipe failures. Arnold (17) has described this 
phenomenon and, moreover, gives valuable data for computation 
of the natural frequencies of various types and lengths of pipe. 
Baird and Bechtold (28) also describe the physical causes of pipe 
vibration and the effects of frequency on stress. 

(>) It is important, but not generally known, that pulsations 
also can increase pipe friction. Binder (14) has shown that 
actual damping (friction) factors for pulsating flow can be com- 
puted with fair accuracy by the use of an eddy-viscosity term 
added to the actual viscosity of the fluid. This eddy viscosity is 
an empirical term originally proposed by Boussinesq (1), and used 
by Murphree (5) and others, to account for differences in friction 
between turbulent and laminar flow. It is a function of many 
variables, including the magnitude and frequency of pulsations, 
but little experimental information is available. 

(c) In the inferential measurement of flow, the existence of 
pulsations causes serious errors which have been particularly 
troublesome in the natural-gas industry for many years. Judd 
and Pheley (2) have extensively covered the subject experi- 
mentally and are also probably the first to have shown the acous- 
tical nature of pulsations. Eagle and Daberko (6) discuss vari- 
ous means for eliminating these measurement errors showing 
particularly the futility of using dampeners in the manometer 
lines. Mathematical analyses by Herning and Schmid (8) and 
Lindahl (21) indicate the difficulty of predicting flowmeter 
errors, even if the pulse amplitude is known. 

(d) The effect of pulsation on the process corved by the com- 
pressor has not received too much attention, partly perhaps be- 
cause this effect is rarely obvious; yet it is known that inany 
chemical processes are affected severely by such pulsations. 


2. Effects on compressor performance: 


(a) The literature shows but few considerations of the effects 
of pulsations on the compressor performan For internal- 
combustion engines, however, such effects are described in the 
papers by Morse, et al. (9), and Lutz (11, 12 Under circum- 
stances very similar to those in compressor systems, the pulsa- 
tions in the intake and exhaust manifolds of those engines are 
shown to affect volumetric efficiency output to a 
marked degree. 

(b) Pulsations at the compressor in some instances will cause 
valve flutter, valve hammer, and repeated valve failures. While 
the reason for this occurrence is obvious, it is a phenomenon diffi- 
cult to analyze for it depends on many variables and design de- 
tails of the compressor, some of which are analyzed by Costag- 
liola (31). The authors know of a number of installations where 
consistent valve breakage has been stopped by alleviating the 
pulsations at the compressor. 
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Since the troubles of pressure pulsations have been known, 
means for reducing or eliminating them have appeared in ever- 
increasing numbers, some of them of amazing complexity.* 

The oldest, the simplest, and perhaps the most widely used 
pulsation dampener is merely a large vessel placed in the line—a 
capacity, if we wish to use the acoustical (or electrical) termi- 
nology. The authors believe that, due to its simplicity and other 
reasons to be discussed later, this dampener is also the most satis- 
factory for the average installation. Computation of the re- 
quired size of these tanks thus far has been confined largely to 
empirical or semiempirical methods, as is evidenced by the in- 
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stallation manuals of compressor manufacturers. These are not 
adequate to permit reliable calculation of pulse amplitudes. 

To connect a tank to the line by a pipe T so that it acts as a 
surge bottle is generally not as effective as to have it on the line, 
unless the leg of the T is short and of large diameter, in which 
case the unit approaches the in-line tank. Under certain circum- 
stances, however, the combination of surge tank and neck can 
act as a resonator and wil] eliminate pulsations of a definite fre- 
quency only. Such a system is described by Heath and Elliott 
(20) and Stephens (30), but it is rarely of interest for compressor 
installations. 

Another simple device that has found frequent use in pulse 
elimination is a restriction in the form of an orifice, a valve, or the 
like. It suffers from the primary drawback that it creates a pres- 
sure drop and absorbs power. Judd and Pheley (2), having 
experimented with orifices, found them occasionally effective 
when used in combination with volume tanks.’ In certain cases 
it can even be shown that the friction loss in a pipe with an ori- 
fice can be less than the loss in the same pipe without the orifice 
but under resonant conditions. For this reason they are very 
useful to break up resonances in individual pipes of existing in- 
stallations, 

Combinations of acoustical elements designed to operate as a 
unit in eliminating pulsations may be grouped under the name of 
filters. These range from acoustically correct designs such as a 
so-called x-filter* to weird combinations of resistances, capacities, 


* See, for instance, Rudolph (18). 

? Similar results are reported by Scheel (4). 

* See Stephens (22), also Olson (16), page 94, and other works on 
acoustics. The name is derived from the appearance of the 
matie diagram of the analogous electrical system as shown in Fig. 


and acoustical inertances as, for instance, in the patent of Rudolph 
(18). 
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Some of the assumptions made in the following analysis are 
those customarily made in treatises of this kind, and include: 


Constant Velocity of Sound in Piping System. Speed of sound 

in a gas varies very nearly as the square root of the absolute tem- 
perature. Its dependence on pressure is generally negligible. 
Since a workable analysis has to assume constant speed of sound, 
and since the absolute temperature in compressor piping does not 
usually vary a great deal between compressor and plant, caleu- 
lations are always based on an average velocity of sound in the 
system. 
— Gas-Pressure Pulses Are Propagated With Speed of Sound. 
Sound waves travel downstream with a velocity equal to the 
sum of the stationary sound velocity and the stream velocity, 
while they are propagated upstream with the difference of these 
two velocities. The phenomenon is related closely to the familiar 
Doppler effect and has been well described by Trimmer (7). 
In general, however, flow velocities are very small compared to 
the velocity of sound, and it was deemed justifiable to neglect the 
flow velocity entirely. 

Friction Pressure Drops Are Linear Functions of Flow, The 
resistance to flow through pipes, valves, orifices, and so forth, 
usually increases with increasing flow velocity so that the pres- 
sure drop across such a resistance is not proportional to flow but 
to some power of flow higher than unity. If, however, we are 
dealing with relatively small pulsations superimposed upon a 
steady flow, it is reasonable to approximate the actual pressure- 
flow curve by a straight line about the steady-flow point, or, in 
other words, to take the resistance as constant. This assump- 
tion is made throughout the paper. 

The analogy used in the analysis is that commonly employed by 
acoustical engineers and most adequately described by Olson 
(16). It is briefly summarized in Fig. 1 and applied to a simple 
tank-line-valve system in Fig. 2(b). The neglect of distributed 
capacity and resistance in the pipe is justified in most practical 
cases, but, if necessary, can be taken into account by analogy to 
electrical] transmission lines, as is wel] demonstrated by Murphy 
(25,29). Inertance of the valve is also neglected 

In addition to Murphy, others who have worked in this field 
are Morse, et al. (9), Lutz (11, 12), Moore (15), and Binder and 
Hall (24). Some of these authors actually built electrical ana- 
logs to solve a variety of problems, most of them connected with 
the intake and exhaust pipes of internal-combustion engines. 

In order to be able to predict pulse amplitudes as well as reso- 
nant frequencies, it is essential to find a close analog for the com- 
pressor (or engine) piston-cylinder-valve combination. The as- 
sumption of a voltage generator with some fixed voltage versus 
time characteristic, which has been used extensively, appears un- 
real. We have preferred a method, already suggested by Binder 
and Hall (24), of replacing the piston and cylinder by a time-varia- 
ble capacity, and the pressure-operated valves of a compressor 
by idealized rectifiers with negligible impedance in the direction 
of flow [see Fig. 2(c)}. 

All parts of the analogous system are thus defined and, in 
theory at least, the pulsations of any real compressor piping 
system can be found from the analogous electrical system by 
either mathematica] analysis or construction of the electrical 
model. Unfortunately, both approaches present serious diffi- 
culties. The mathematical one (see Appendix, second section, for 
detailed development) leads to linear differential equations with 
nonconstant coefficients. Construction of the analog, on the 
other hand, requires electrica] equipment of unusual design, the 
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construction of which was not deemed justifiable in this investi- 
gation. 

Under certain conditions, notably those at which a relatively 
large capacity is situated directly adjacent to the compressor, the 
assumption can be made that, while the valve is open, the gas 
flow is directly proportional to the piston velocity.’ Since this 
velocity usually is quite nearly sinusoidal, the current follows a 
pattern shown in Fig. 4(a). Experiments have demonstrated 
that this assumption is quite good as long as the tank is very near 
the compressor and its volume is larger than about 10 times the 
volume of gas discharged per stroke. 

From considerations of the compression of the gas in the eylin- 
der, the clearance volume, and the average suction and discharge 
pressures, the points at which the suction and discharge valves 
open can be computed readily. Graphs which simplify this 
procedure are shown in this paper. 
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Relative Piston Position - x/s 


M-(Obtain from Fig 5) 

Pe * Clearance Ratio 
Ve * Clearance Volume 

Vp * Piston Displacement 
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16. 4(b)  Pisron-Crank Diagram 


4 5 7 8 9t 
fp * Pp/Ps Compression Ratio 


* Absolute Discharge Pressure 0.3 
* Absolute Suction Pressure ‘ Relative Piston Position x,/s 
* Polytropic Constant During Compression 
* Polytropic Constant During Expansion of Clearance Gas ’ M-(Obdtain from Fig. 5) 
* Clearance Ratio 
Ve * Clearance Volume 
Fie. 5 Finest Grarn vor Determination or Vatve-Open-Time Vp Piston Displacement 
(Suction or discharge valve.) ‘ 
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* See Binder and Hall (24). 
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PRESENT SOLUTIONS 


Calculations have been made for the case of a single tank and 
for a -type filter under the assumptions stated, and the results 
are given in graph form in Figs. 8 and 9. Uf the tank or filter re- 
_ duces the pulsation to a desirable minimum, it is unlikely that 
_ conditions further along the line are of any influence on the pulse 
amplitude; and for that reason the remainder of the circuit can 
be considered as a pure dissipative element, that is, a plain re- 
sistance.’ Hence the load circuits considered are represented 
by Fig. 3(6). They are equally suitable for suction and discharge 
lines, and the following procedure should be employed in finding 

pulsation magnitudes: 


1 Find the ratio r,, that is, the percentage of the cycle over 
which the valve is open, from Figs. 5 (6(a), 6(b) for suction |, and 7. 

2 For simple tank-type dampeners next use Fig. 8 (for #-type 
filter, Fig. 9) to determine the per cent pressure pulse. 

Note that the effect of small changes in valve-open-time r, is 
not large and an estimate of its value may suffice. 

Specific heat ratios in gas mixtures generally can be estimated 
closely. A discussion of these is given by Edmister (32). 

All pressures are absolute pressures. 

Accurate knowledge of suction and discharge temperatures and 
pressures is essential for calculation of V,. 


EXPERIMENTS 


Description of Equipment. A small two-stage Rix air compres- 
sor (3'/,in. X 1'/sin. X 3 in., capacity 7 cfm) was used for the 
laboratory tests. The compressor was belt-driven by an electric 
motor through a variable-speed pulley. This type of drive 
offered a compressor working range from 350 rpm to 800 rpm; 
speed was measured by a tachometer generator attached di- 
rectly to the compressor crankshaft and checked by a hand 
tachometer (see Fig. 10). 

Three different sizes of tanks were used for capacity, offering 
a range in volume from 0.017 cu ft to 1,89 cu ft. These tanks 
permitted the use of pressures up to 1000 psi. 

Gas-flow rates were determined by a “metric ironcase” gas 


ry for Suction Valve 
for Discharge Valve 
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0.1 0.2 0.3 0.4 0.5 0.6 
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x,"s or x,/s Obtain from Figs. 6a or 6b 


fy * Ratio of Valve-Open- Time to Piston Period 
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” For this reason the accuracy of the data is greater if the pulse 
amplitude is small. 
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Pulse 


Tank Volume 

Vs "Gas Vol. Flowing per stroke 

Tr *Ratio of Vaive-Open-Time to Piston Period 
Peak to Peak Pulse 

Av. Absolute Press. * 

Ratio of Specific Heats 
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Fig. 11 


meter, and gas temperatures were measured at various points in 
the system 

Pressure-pulsation records were obtained by use of Statham 
pressure transmitters in conjunction with Shell Development 
Company's dynamic pressure amplifiers and a Brush, BL-202, 
recording oscillograph (see Fig. 11). 

Test Procedure 
extent of validity of the approximate theory, a series of tests were 
made with single tanks of variable volume near the compressor. 
A general view of this arrangement is shown in Fig. 12. The 
compressor Was started, pressure was adjusted to the desired 


After some preliminary tests to determine the 


value, and the gas in the tank allowed to warm up to a steady 
temperature.  Pressure-time records were then taken at various 
places in the system and for various compressor speeds, making 
sure that temperatures remained steady during each run. Simi- 
lar tests were made at the suction side of the cylinder. 

Tests with m-type filters (see Fig. 15) were necessarily fewer in 
number, inasmuch as for each speed and volume the connecting 
inertance had to be changed to a value corresponding to a cutoff 
frequency of 90 per cent of operating frequency. However, in 
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REsULTs AND Discussion 


The preliminary tests showed that when a sufficiently large 
tank was installed close to the compressor cylinder, good agree- 
ment between measured and computed wave shapes and magni- 
tudes could be obtained, regardless of the type of piping beyond 
the tank 

Figs. 13, 14, 16, and 17 show the results of tests with single 
tanks and m-type filters in suction and discharge lines of the com- 
pressors. Fair agreement with the theory is found except for 
small tank volumes where the approximations of the theory do 
not hold, but where its use gives conservative answers. Effect of 
friction in the pipe between the two tanks of the w-type filter be- 
comes very noticeable at suction pressures and accounts for the 
deviations of the line-tank values in Fig. 17. 

A few test results from large scale (1000-hp) compressors are 
also shown in Figs. 13 and 14. 

It is hoped that the work here presented, which, admittedly, is 
only the beginning of a design theory for compressor systems, 
may be extended to give more generally applicable solutions. 


general, these tests were similar to those just described. a This can be done either by numerical solution of the differential 
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bic. 15) #-Tyee Test 1.0-Cu-Fr Tanks 


equations for more general cases where some of the simplifying 


assumptions made here do not hold, or by construction of an actual 


analog which can solve a great variety of systems. 


__E. V. Murphree, Industrial and Engineering Chemistry, vol. 24, 1932, 


A practical evaluation of allowable pressure pulses also would 


_ be of value to give the designer the limits to which he must design 


his system. The arbitrary value of 2 per cent maximum pulse 
indicated previously is a safe limit based on a few —far too few 
practical observations of the authors, and should not be con- 
sidered as a fixed limit. The pressure level, the type of process, 
and many other considerations materially influence the safe 
limit to which pressure pulsations should be held. 
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NOMENCLATURE 


The following nomenclature is used in the Appendix: 


speed of sound = fps 


Fourier coefficient 
2ra,,/1 

Fourier coefficient 
2nb,,/I 

voltage (= pressure) 
average voltage 


compressor frequency = "ti 1/7, cycles per sec (cps) 


connecting-rod length, ft 
current (= mean flow rate) 


: 2 1.0} 
Line Tank 
: 
4 = = 
Compressor Tank 
’ 
| 
Line Tank 
| 
as | 
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7, rent, and, on the other hand, pressure and mass flow." 
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harmonic of w 

polytropic exponent of gas during compression 

polytropic exponent of gas in V. during expansion 

V./V, 

P,/P, = 

ratio of valve-open-time to period T’ 

length of piston stroke, ft 

time variable 

time at which discharge valve closes 

time at which discharge valve opens 

piston position from TDC when discharge valve opens 

piston position from TDC when suction valve opens 

inside cross-sectional area of pipe, sq ft 

a function 

electrical capacity 

variable-condenser capacity 

complex coefficient 

a function 

mass flow rate 

maximum value of i 

4(w/w,)* 

(2x/y) (Vr/V,) 

electrical inductance 

length variable 

crank rpm for single-acting piston; 2 X crank rpm for 
double-acting piston i 

absolute pressure, psf A 

discharge pressure, psf as 

suction pressure, psf 

mass of gas delivered per stroke 

resistance 

piston area, sq ft 

period of compressor cycle = 1/f = 2m/w, sec 

volume, cu ft 

clearance volume, cu ft 

piston displacement, cu ft 

volume of gas discharged per stroke, cu ft 

volume of each tank of w-type filter, cu ft 

tank volume, cu ft y 

force variable 

impedance 

= base of natural logarithms 

= crank angle 

= gas density, (Ib sec?/ft*) 1. 

= angle of connecting rod with piston rod 


average current 


N= 


angular compressor frequency = = 29/7 
filter cutoff frequency 


£ 


=. 
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Appendix 


Relations Between Analogous Electrical and Acoustical Terms."' 
The analogy is based upon the assumption that both systems, the 
electrical as well as the acoustical, can be described by linear 
differential equations between, on the one hand, voltage and cur- 
The 
coefficients of these differential equations are derived from the 
_ physical characteristics of the components of the electric circuit 


" Refer to Olson (13) and (16). 
12 Some authors prefer volume flow. 


or piping system. Fig. 1 shows corresponding electrical and 
acoustical units and the relations between them. 

General Differential Equations of a Typical Simple System: 
In order to demonstrate the difficulties encountered in a rigorous 
solution, we shall set up the equations for a combination of the 
simple tank-line-valve system in Fig. 2(b), and a single-acting 
compressor Fig. 2(c). The resultant system is again shown in 
Fig. 3(a). 

It will be apparent that each cycle can be divided into two dis- 
tinct periods, i.e., the time that the discharge valve is open and 
that time during which it is closed, assuming, of course, that pulsa- 
tions are not so violent that valve flutter occurs. 

Then by simple use of Kirchhoff's law, for fo < ¢ Lh 


d*e 
dt? 


+ T) 


+ ROT +e=0.... 


while for < < 


Ri [3] 
It will be noted that C, is not constant but varies directly as 
the cylinder volume so that it approaches a sine function. Thus 
by differentiating Equation [2) and substituting into Equation 
[3] we obtain a somewhat cumbersome linear differential equa- 
tion containing the variable coefficient C., and its first two time 
derivatives. It is somewhat similar to the well-known Mathieu 
equation. 

The boundary conditions for these equations result from the 
fact that Equations [1] and [3] are equivalent at ¢ = &, t, and f& + 
T, and that att = 4, e/C, = Q. 

It is apparent that a general solution for such a set of equations 
is, at best, difficult. Approximate solutions have the disad- 
vantage of having to be repeated for each change in any of the 
circuit constants. Further work may be undertaken to study 
such analytical methods more thoroughly, but this paper is con- 
fined to the approximation to be deseribed. 

Fourier Analysis of Assumed Flow Rate at Valves. To simplify 
the foregoing analysis it is assumed that as long as a sufficiently 
large tank (capacity) is placed close to the compressor, the cur- 
rent flow through the valve will be nearly proportional to the 
piston velocity, which, in turn, is assumed to be sinusoidal for 
this analysis. '* 

Fig. 4(a) shows typical shapes of this assumed flow for both 
suction and discharge valve. If we let the time ¢ = 0 at the 
beginning of one full sine wave, i.e., at BDC for the discharge 
side, or T'DC for the suction side, these curves can be defined by 
the following equations 


< 


Qe 
i= 


It is assumed here, as well as in Fig. 4, that the discharge valve 
closes at TDC while the suction valve closes at BDC. Now let 


i= a, sin 


m=1 


i=0 
T/2 


t t 
be 2rm 
cos 


m=0 


42 It can be shown that for this purpose the assumption is good, 
while for calculation of valve-open-time (r:), the deviation from a 
true sine curve must be taken into account (see section, “‘Deter- 
mination of Valve-Open-Time,”’ of this Appendix). 
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Methods for finding the coefficients a. and b» are well known! 
and, after substitution and integration, and letting 


we find, for the first six harmonics 


a,,' = 
1 + cos 2xr 
(cos 
(cos 

(2 cos Sarr, 
(3 cos 
(4 cos 
(5 cos 


+ 1/2 sin 
(sin 3 sin 
(2 sin Sarr, sin 5 

(3 sin 5 sin 69r,)/15 
(4 sin 129r, 6 sin 8rr,)/24 
(5 sin 7 sin 1Omr,) 35 


3 cos 


These coefficients can be computed readily for any value of r:. 
It is advantageous to convert the Fourier series into a vector 
(or complex ) series of the form 


ne 
become 

C,, = 


be 
= 1/%Xb,, + 


The coefficients C,, 


— ja.) 


Application to Single-Tank System, see Fig. 3(b). Ut is assumed 
that the tank volume Vy, is large compared to the volume of gas 
discharged per stroke as a first approximation any 
pipe (inertance) or tank (capacitance) beyond the first tank has 
no effect on the pulsation in that tank, and we can represent the 
entire remainder of the piping system by a resistance alone. 

It will be useful to define the dimensionless factor 


so that 


Vr 
Ky = =a 
a* Yeave 


Weave 2r Vr 
wel, ¥, 


since 


Thus Ay is determined primarily by the relative tank size. Ce ia 


As seen from the compressor, the impedance of the circuit is 


=R 
"+ jmw + 1 jmk, 


end the voltage 


e=iZ=R > 


- 


or pressure 


Ky substitution and expansion, this becomes 


1 


Cave mek, 


1 + cos 29, 


cos mwt + + sin mot} 


mA yd,, 


‘* See, for instance, “Mathematical Methods in Engineering,”” by 
T. von KArman and M. A. Biot, McGraw Hill Book Company. New 


York, N. Y., p. 326 ff 


Ibid, p. 384 
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It was assumed that Ky > 1, so that we can approximate 


(b,.’ sin mwt —a,,” 
m=1 


This equation gives the complete curve for the pressure pulse 
Since only peak-to-peak amplitudes are of interest, these were 
found for various values of r, and Ay, and are shown plotted in 
Fig. 8 


e 1 


Kil cos m m 


= 


2)/3 


2)/8 
2)/15 
+ 2)/24 
2)/35 


Application to x-Filter System, see Fig. 3b). The development 
of the equations for this system is very similar to that for the 
single tank, except that the impedance Z is more complicated 
and in that we are interested in two pulses, namely, that in the 
tank nearest to the compressor ¢, and tliat in the tank near the pip- 
ing system ¢,. The assumptions made are the same as in the 
foregoing. 

In addition to the nondimensional Ay, which was defined pre- 
viously and refers here to the volume V, of one of the tanks, we 


also define 
K, = = ) 


where w, = cutoff frequency of the m-filter, ie., the frequency 
beyond which the filter does not conduct. This frequency al- 
ways should be taken somewhat below the minimum frequency of 
the compressor. For that reason, all of the 
tions have been based upon the fixed ratio 


present computa- 


w/w, = 


The impedance | 


where 


K 
B = m[ (} mk.) Ay mek.) (2 mk] 
Ky 


D = (1 m?K.)? + m*Ky? (2 — 


By substituting this into the equation ¢ = iZ, rearranging, and 
again letting Ay > 1 we obtain the approximate solution 


1 
> 
+ cos 2rr, may 2 
sin mat — a,,’ cos mat 


as well as 


I 
1 — 


A numerical analysis, similar to the one for the single tank 
produces the graphs in Fig. 9. 


, then 


— 
4 
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Determination of Valve-Open-Time. Uf it is assumed that the 
gas in the cylinder during compression follows the perfect-gas 
laws, and that the valve-open-times are not affected by pulsa- 
tions: 
for discharge + V.)" = + V.)" wine 
, 
=e 
( ) for discharge 


and for suction 


These equations become 


r, 
nate 


solution of these equations for 2/s and is presented 
graphically in Figs. 5, 6(a), and 6(b). Note that z and x, are 
both measured from top dead-center position, 
_ Considering now the geometry of the piston and crank arrange- 
° Fig. 4(b), one can readily convert the piston position z 
— into crank angle 6; thus 


2 2 


h 
— cos 6) + 
8 


for suction 


= 1/21 


agin 


sin D = = sin 6 


- Also note that the relative valve-open-times are 


r, = 0.5 - - 

_ for the suction valve. 

convenience the equation connecting z/s and _2,/s with r, 
~ and (0.5 — r,), respectively, is plotted in Fig. 7. 

Hence, between Figs. 5, 6(a), 6(b), and 7, the valve-open-times 

2 can be computed readily. Notes on the accuracy with which 

certain of the characteristics have to be known appear in the sec- 

tion of the paper, Present Solutions. 


Discussion 


M. L. Arnoup."* The bad effeets of pulsative flow on com- 

> pressor piping are readily discernible and command attention. 
_ Most previous authors have discussed this phase of the problem.” 

_ The effeets upon the compressor itself are less apparent, particu- 
a larly in the absence of suitable indicating devices. The authors 
are to be commended upon directing our attention to this phase 
id of the problem and upon the original method they have developed 
for determining pulse amplitude 


Chief Engineer, Gas Operations, Richfield Oil Corporation, 
Angeles, Calif. Mem, ASME, 

“Experiences in Dampening Pulsations in Compressor Piping 
Systems,” by M. L. Arnold, The Petroleum Engineer, vol. 23, No. 9, 
August, 1951, pp. D-14-D.24. 


: i it is assumed, that in the expression for K, P is equal to the 


It may be of interest to compare the results obtained by Chil- 
ton and Handley’s method with those obtained by Thornton.” 
In his development Thornton considered a crank-driven plunger 
operating in one end of a closed pipe. A surge tank of volume 
V was installed at the plunger end. The distance from the tank 
to the closed end was L. His equation describing the behavior of 
this system is somewhat complex, However, he presents a simple 
equation for the special case where the length L is a multiple of the 
length of the wave generated by the action of the plunger. For 
this system, the capacity of the surge chamber V, required to 
prevent the pressure rising above a specified value P, is given by 
the following equation 


Kv 
2P 


where K is bulk modulus of elasticity of the medium; v is dis- 
placement of plunger. 

For any particular problem a plunger could be selected such 
that Thornton's v would be equal to Chilton and Handley's V,. 
The following equivalences can also be stated: 

V = V, 

£ = peak to peak pulse = AP 
_K = 7yP for an adiabatic process (7 = ratio of specific heats) 


average absolute pressure, P..,, Thornton's equation can be re- 
written as follows 


2A4P 
By definition 


per cent pulse = 


100 


Pave 
per cent pulse 


AP 


hence, 


dur 


Making this substitution and rearranging cbr heii 


100 | 


2 per cent pulse 

If it is assumed that the authors’ laboratory compressor was 
operating on air, this equation fits the test results of Fig. 13 
nicely. It is in fair agreement with the high per cent pulse data 
in Fig. 14, but fails to conform with the data in the low per cent 
pulse region. 


Now a couple of questions for the authors: 


1 In comparing Figs. 13 and 14 with Figs. 16 and 17, it ap- 
pears that the compressor tank of the pi-filter is just as effective 
as a single tank in limiting the per cent pulse in the discharge line. 
However, the figures indicate that to maintain a given per cent. 
pulse in the suction line, the compressor tank of the pi-filter must 
have a considerably larger V,/V, ratio than would be required for 
asingle tank. Would the authors care to comment on this? 

2 Few of us, probably, have had the opportunity of correlat- 
ing compressor operating and maintenance problems against per 
cent pulse in compressor piping. Therefore it would be of in- 
terest to learn the nature of the observations which led to the 
suggestion that 2 per cent pulse is on the average a satisfactory 
value. 

1*“Mechanics Applied to Vibrations and Balancing,” by D. L. 


Thornton, John Wiley & Sons, Inc., New York, N. Y., first edition, 
1940, article 82, p. 282. 
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Rh. C. Barry.” The corporation represented by the writer 
has pioneered the use of filter-type pulsation dampeners in indus- 
try from the particular standpoint of reducing pipe breakage due 
to pulsative flow in high-pressure lines associated with recipro- 
eating compressors. The application of pulsation dampeners to 
the pipe-vibration problem has been eminently successful, es- 
pecially so in view of the fact that compressor horsepower losses 
resulting from the extremely small per centwise pressure drop of 
filter-type pulsation dampeners are far outweighed by insurance 
afforded from costly pipe and vessel breakage.”* 

In view of the experience gained from actual field testing of 
filter-type pulsation-dampener throughout the 
gamut of operating conditions, coupled with practical knowledg: 
regarding the effects on pulsative flow caused by suction and 
discharge bottles or tanks, it is believed that a certain amount of 
clarifieation of the recommendations contained in the paper 
might be in order. Specifically, it is felt that recommendation 
3 needs some modification. Experimental field data obtained 
before and after the installation of properly designed filter-type 
dampeners show that such dampeners invariably will reduce 
pulses in compressor nozzles. Therefore it is believed that the 
recommendation as stated in the paper is somewhat misleading in 
that it gives the impression that filter-type dampeners will not 
themselves cause an appreciable reduction in pulsation at the 
This is, of course, not true, and the writer is sure 
that such inference was not the intent of the authors. In addi- 
tion, it is believed that the comparison of the pulse-removing 
efficiencies, in so far as the compressor is concerned, between a tank 
having « volume double that of the inlet volume of a correspond- 
ing pi-type filter is not scientifically legitimate. 

If orifice metering runs can be construed to be parts of gas- 
compressor systems, it might be in order to mention the fact that 
filter-type pulsation dampeners are of considerable utility in re- 
ducing orifice metering errors by virtue of the high efficiency 
(particularly in comparison with a tank) with which they can 
be used to remove pulses from a line. The exact way in which 
pulsative flow affects the differential reading in an orifice meter 
has not been determined completely as yet, but it has been found 
in the majority of cases that the reduction in pulsative flow will 
result in more reliable metering, the increased accuracy being 
somewhat in proportion to the degree of pulse removal. 

Issue is taken with recommendation 7 wherein it 
that elbows and bends in a pipe do not form reflection points for 
pressure pulses. This may well be in a practical sense; however, 
it can be demonstrated that some reflection of acoustical energy 
will oceur whenever the change of direction in propagation of the 
This results from the fact that the 
energy contained in acoustical pressure waves is vectorial in nature 
and any forced alteration of the flow vector amounts to an imped- 
ance mismatch with attendant standing-wave resonance and so 
forth, even though the cross-sectional areas of the conduit through 
which the pulse energy is flowing remain constant. However, it 
would appear from the authors’ experimental work that this effect 
is of negligible importance in typical piping elbows and bends and 
in most cases can be ignored. 

In the design of filter-type pulsation dampeners we have long 
been aware that in addition to acoustical relationships between 
inertance and capacitance, the manner in which these acoustical 
elements are oriented with respect to each other is of considerable 
importance. Furthermore, the “pureness” of capacity and in- 
ertance is of importance in determining the acoustical efficiency 
with which pressure waves are filtered out. In some respects an 


installations 


compress 


is stated 


acoustical wave is produced, 


* Principal Research Engineer, The Fluor Corporation, Ltd., Los 
Angeles, Calif. Mem. ASME. 

* “Experiences in Dampening Pulsations in Compressor Piping 
Systems,"’ by M. L. Arnold, Pipeline News, September, 1951, p. 35. 


acoustical filter reacts similarly to it* mechanical counterpart and, 
since a mechanical filter requires that its components be related 
vectorially to each other, so also is a similar relationship required of 
the elements in the acoustical filter It has been found that even 
though the capacitance-inertance relationship of two physically 
dissimilar pulsation dampeners is the same, thus giving the same 
theoretical attenuation curve, experimental results often dis- 
close considerable variance in this respect. In another regard, 
extreme care must be used in comparing filter and/or tank at- 
tenuation efficiencies. This is of fundamental nature and con- 
cerns the relationship of source and load impedances to the imped- 
ances at inlet and outlet of the filter or tank. To compare attenu- 
ation efficiencies, therefore, the degree of impedance match be- 
tween the filters (or tanks) with the inlet (source) and outlet 
(load) piping must be known. The experimental work of the 
authors involved a filter-type pulsation dampener having ap- 
parently an arbitrary physical relationship between the chambers 
and interconnecting tube. It is believed that accordingly the 
data obtained are not necessarily representative of the “average” 
filter-type dampener which would be used in practice for many 
different kinds of reciprocating compressors. 

With reference to the section, Effects on Compressor Per- 
formance, it is hoped that the authors’ research program will 
be continued to the extent of correlating compressor-horsepower 
cards with pulsative flow in suction and discharge nozzles. Such 
correlation, especially if it can be made quantitative, would be of 
great use. It is believed that electronic devices are now availa- 
ble which will allow very accurate information to be obtained 
for such a study 


E. F. Murrny.** * The following discussion is based on pre- 
vious experience in the compressor field and on a doctoral thesis 
pertaining to natural frequencies of manifolds and piping sys- 
tems and thus to pulsations in such systems. It has no relation 
to the writer's present position, and the views presented are solely 
his own. 

The relative importance of pulsations varies with circum- 
stances. The authors’ limit of 2 per cent of the mean pressure 
seems safe and practical, even though it is obviously far beyond 
the usual assumption of small pressure variation used in deriving 
the usual equations in acoustics. The writer's experience sup- 
ports the statement by the authors that the pulsation phenomena 
discussed can be treated by the laws of acoustics. Close to the 
compressor there are undoubtedly sharp pulses, but their effects 
can be calculated fairly satisfactorily by summation of sinu- 
soidal waves. The relative importance of removing pulsations 
from the line or at the compressor will depend on whether diffi- 
culties have developed due to piping vibration, noise, and meter- 
ing errors, or due to overloading or “hunting” of the compressor, 
deviation from design performance, and valve breakage. Simi- 
larly, the choice between adding a commercial or a pi-shaped 
filter, adding or enlarging a single tank or header, or carefully 
designing the entire piping system to avoid resonance with 
predictable natural frequencies, will depend upon whether 
trouble occurs in an existing plant with specified space limitations 
or whether the analyst can participate in the original design. 
Addition of an orifice, known to be effective in many existing in- 
stallations, will reduce pulsations, typically not only because it 
wastes energy but to some extent because it adds inductive im- 
pedance to the line, changes the ratio of inductance to capaci- 
tance, hence somewhat changes the natural frequency and intro- 
duces a discontinuity into the line. 

| Assistant Director for Research, Prosthetic and Sensory Aids 
Service, Veterans Administration, New York, N. Y. Jun. ASME. 

* Reviewed in the Veterans Administration and published with 
the approval of the Chief Medical Director. 
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A single-cylinder compressor with simple piping is likely to 
cause resonance with the fundamental of the pipe, yet a complex 


_ multicylinder compressor with header and long piping may ex- 


hibit resonance between the vector sum of a high harmonic 
of the wave from the individual cylinders operating in paralle! and 
a complex mode of vibration of the entire piping system. The 
possible solutions for a compressor driven by an electric motor 
also may differ from those adequate for a compressor driven by a 
variable-speed gas engine. 

As in torsional vibration, the first effort was to predict natural 
frequency of the system. An electrical analog, constructed in 
the laboratory or perhaps set up on a rented network calculator, 
may be suitable for more complicated systems than can be solved 
easily by mathematica! or graphical methods. Several texts on 
torsional vibration explain the vector addition of harmonics of 
the exciting waves from the several cylinders. These vector 
additions indicate, at least qualitatively, whether several cyl- 
inders will reinforce. In torsional vibration it has long been 
possible to compare the energy absorbed by hysteresis of the 
crankshaft and by other damping with the energy added by a 
given harmonic of the energy waves applied to the crankshaft. 
Thus the amplitude of vibration at each point of resonance, be- 
tween the various harmonics and each of the several modes, 
could be predicted. Now an analogous process could be applied 
to pulsations in compressor and engine manifolds, taking ad- 
vantage of the contributions by the authors and by their prede- 
cessors listed in their bibliography. A co-operative effort by 
compressor manufacturers, oi] and gas companies, designers of 
plants, trade associations, and interested universities and re- 
search foundations would cost very little for each participant, yet 
insure against substantial expenses in correcting the serious 
difficulties which the authors describe 

Avrnors’ CLOSURE 

The authors have appreciated the interest expressed in both 
written and verbal form and particularly wish to thank the dis- 
cussers for their comments. 

The answer to Mr. Arnold's first question may be found in the 
wave-shape difference between suction and discharge side and 
their relative effect on single tanks and w-type dampeners. The 
discharge wave which contains a large portion of the higher har- 
monics is essentially damped by the first tank of the m-type filter 
as if this were a single-tank system, while this is not true for the 
simpler suction wave. This can be seen also from the equations 
describing the two systems in the Appendix. 

As pointed out in the paper, the figure of 2 per cent for a safe 
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pulse amplitude is based on a few actual measurements on in- 
stallations judged “satisfactory” or “unsatisfactory” by their 
operating personnel, and is a figure which, it is felt, should be 
substantiated by industry-wide surveys. Such a survey would 
surely show a dependence of the allowable pulse amplitude on 
the average pressure as indicated in recommendation 2. 

Mr. Baird’s objections to the authors’ preference of the single 
tank over the #-type filter for the average compressor installa~ 
tions appear to be based on his experience with the firm that 
pioneered the latter type of dampener in industry. As the authors 
have pointed out, it is, in their opinion, one of the few filters de- 
signed on an acoustically correct basis, and in cases where line 
pulsations are more critica] than pulsations at the compressor, it 
is often preferable even to the simple tank. 

The comparison in recommendation 3 is based on the 
economic consideration that the total volume of a dampener in- 
stallation will essentially determine its cost. Due to the sim- 
plicity of construction of a single tank compared to a filter, such 
« comparison is more than fair to the filter, and a more exact 
economic evaluation will doubtlessly favor the single tank more 
than the remark in recommendation 3. 

Mr. Baird questions some of the authors’ experiments on filters 
because of neglect of “impedance matching” between filter and 
compressor on the one hand, and load on the other. The pur- 
pose of impedance matching is to transmit a maximum of power 
in the circuit. Both the single tank and the 1-type filter in the 
sizes in which they are of practical interest have small resistive 
impedance, and thus do not seriously interfere with the trans- 
mission of the steady pressure (d-c component) of flow. Since it 
is the purpose of the tank or filter to disrupt the transmission of 
the pulsation (a-c) component, a mismatch of impedance due to 
reactance is not only desirable, but is the function of such a filter. 
The close agreement between theory and experiments makes it 
clear that the experiments are in fact representative and the 
theory applicable within the stated limits. 

Dr. E. F. Murphy’s comment on the inertance of orifices and 
valves is well taken, and the interested reader may be referred to 
an article by Ingard and Labate.™* 

The authors had hoped to extend Dr. Murphy’s excellent work 
with the electrical analog by incorporation of the compressor 
analog. However, technical difficulties described in the paper 
have made such an attempt prohibitive to date. 


“Acoustic Circulation Effects and the Nonl 
by U. Ingard and 8. Labate, Journal of 
Society of America, vol. 22, 1950, p. 211. 
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Factors 


By R. H. ZIMMERMAN! anv S. R. BEITLER,? COLUMBUS, OHIO 


A report is given on the present status of an evaluation 
of supercompressibility factors of natural gases. The aim 
of the research work is an attempt to establish an accurate 
method for the prediction of these factors within the 
pressure range 0 to 4000 psi and in terms of gas properties 
generally known or conveniently determined. The work- 
ing method used to predict supercompressibility factors is 
based on the method proposed by Dunkle in 1944. Results 
of the method are compared with supercompressibility 
factors experimentally determined on ie Burnett devia- 
tion apparatus. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


F,, = supercompressibility factor of gas mixture, based 
on reference pressure of 14.4 psia 
G specific gravity of gas 

molecular weight of 28.97 

specific gravity of hydrocarbon fractions, 
ferred to molecular weight of 28.97 

specific gravity of carbon dioxide, 1.519 when re- 
ferred to molecular weight of 28.97 

specific gravity of nitrogen, 0.967 when referred 
to molecular weight of 28.97 

gross heating value of gas mixture, dry 
Btu per cubic foot at 60 F and 14.73 psia 

gross heating value of hydrocarbon fractions, dry 
basis, Btu per cubic foot at 60 F and 14.73 
psia 

gage pressure of gas mixture, pounds per square 
inch 

reduced gage pressure of gas mixture, P /r 

absolute temperature of gas mixture, 
Rankine. 

reduced 

mol per cent hydrocarbon fractions, mol per cent 
carbon dioxide, and mol per cent nitrogen, 
respectively, divided by 100 

compressibility factor of gas mixture, based on 
reference pressure of 14.4 psia 

pseudo-critical abselute temperature of gas mix- 
ture, degrees Rankine 

pseudocritical absolute temperatures of hydro- 
carbon fractions, carbon dioxide, and nitrogen, 
respectively, degrees Rankine 


mixture, referred to 


re- 


basis, 


degrees 


absolute temperature of gas mixture, 


! Assistant Professor of Mechanical Engineering, The Ohio State 
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? Professor of Hydraulic Engineering, The Ohio State University. 
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Natural 


= pseudocritical absolute pressure of gas 
pounds per square inch 
= pseudocritical absolute pressure of hydrocarbon 
fractions, carbon dioxide, and nitrogen, respec- 
tively, pounds per square inch 


a, b, d,e constant 
= ¢ 
g, k, a, Bf 
INTRODUCTION 
The 


ported, 


quantity of natural gas which is produced, trans- 
or sold is usually measured in terms of cubic feet 
at some standard pressure and temperature known as the 
base pressure and temperature. In many cases the measure- 
ment of the gas is made at conditions which differ from the base 
conditions. The value of the volume at measured conditions is 
normally converted to the volume at base conditions by means 
of the perfect-gas laws. 

It has long been realized that natural gas is not a perfect gas, 
and as a result, factors must be introduced to correct the volu- 
metric calculations for this deviation. These factors have been 
called “compressibility factors.” Present practice as recom- 
mended in Report Number (2) of The Orifice Meter Committee 
of the American Gas Association is to apply a factor determined 
by test from the gas being measured. This method is unsatis- 
factory unless the gas being measured has approximately the 
same composition at all times, since otherwise, it is necessary to 
take samples of the gas at various times and then test these 
samples on the apparatus available for measuring the factor. 
This test is time-consuming and expensive if frequently required 
and is not commercially practical especially for relatively small 
measurements. Realizing these problems, measurement engi- 
neers have been working in an attempt to correlate this factor 
with commonly measured and generally known properties of the 
gas, e.g., specific gravity and heating value, so that the factor 
can be determined continuously without too great cost. 

Several methods are in use at present for predicting these fac- 
tors. The methods are for natural- 


considered satisfactory 


\gas mixtures when the pressure is less than 500 psig, and are fairly 


accurate for pressures slightly higher than this. However, for 
high pressures often met in present practice, tests have indicated 
that available methods do not give results which check actual 
tests within the range of allowable measurement accuracy. 

A research program was established to determine the possibility 
of developing a method giving good agreement bet ween predicted 
and measured values over the entire range of conditions en- 
countered in normal gas measurements. The study is to cover 
the pressure range—zero to 4000 psi. 

The program of research was to determine from available data 
a method of predicting the factors, and then check these factors 
computed by this method against measured values of the factors 
for the same gas. 

This paper reports on the progress made to date on this pro- 
gram. Deviation factors are presented as the reciprocal of the 
square root of the compressibility factor and are referred to as 
the ompressibility factor, 


=V1/Z 


> 
ee 
| 
bre 
My X, 


TRANSACTIONS OF THE 


Numerical p> are evaluated ‘the basis a being equal 
to unity at a base pressure of 14.4 psia. 


Test Program 


The complete test program will determine the supercompres- 
sibility factors for pressures varying from zero to approximate!) 
4000 psig for natural-gas mixtures having various specific gravi- 
ties, fractional analyses, and temperatures. Supercompressibility 
factors are being determined by use of the Burnett-type appa- 
ratus, following standard procedure (1, 2).* In addition, specific 
gravity, heating value, and the fractional analysis are being de- 
termined for each gas sample. 

Three hundred and ninety-three tests have been reported to 
date. Most of the samples on which these tests were run were 
taken from fields in Texas; a few samples were taken from fields 
in other states. The pressure and temperature ranges covered 
during these tests are shown in Table 1. The maximum test 
pressure was below 1100 psig for roughly 95 per cent of all tests. 
‘Test temperatures cover a fairly wide range, but over 90 per cent 
of the tests were made in the range 50 F to 120 F. Many test 
runs were duplicated to insure against possible error in experi- 
mental technique. 


TABLE | BREAKDOWN OF PRESSURES AND TEMPERA- 


No, tests Test 
at indicated 
press, range 


Max test No. tests Test No. tests 


pressure, psi, 

in range 

below 600 

600-700 
800 
900 
1000 
1100 
1200 
-2600 
2900 


CHARACTER OF GAS SAMPLES 


The principal constituents to be considered in a study of 
supercompressibility factors for natural-gas mixtures are the 
hydrocarbon fractions, carbon dioxide, and nitrogen. Traces of 
other gases such as hydrogen, oxygen, hydrogen sulphide, and so 
on, are sometimes found to occur, but generally are absent and 
for this reason are not given consideration in the development 
of a working method for predicting supercompressibility factors. 
Carbon dioxide, nitrogen, and hydrocarbon fractions were the 
only gases found present in the gas samples used to date in the 
test program, with the exception of three samples which were 
found to contain negligible traces of hydrogen sulphide. 

The predominant gas existing in all mixtures is, of course, 
methane, and, although present in varying degrees, it almost 
entirely suffices to denote singular character to the typical na- 
tural-gas mixture. The average methane content of a large 
number of gas samples was found to be 92.9 per cent on a mol 
fractional basis methane content almost invariably re- 
sults from high nitrogen and/or carbon-dioxide content. A 
breakdown of the average fractional analysis of the samples is 
shown in Table 2. Although the average carbon-dioxide plus 
nitrogen content is less than 1 per cent, this is not intended to 
infer that it is permissible to neglect these constituents when de- 
veloping a method to define supercompressibility factors of 
natural-gas mixtures, for with some mixtures the carbon-dioxide 
and /or nitrogen content may be appreciable. For the majority of 


Low 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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natural gases, however, carbon dioxide and nitrogen are of negli- 
gible importance in defining the character of the mixtures. 
Twenty-nine per cent of the samples contain hydrocarbon frac- 
tions only. Of the remaining samples, 55 per cent contain car- 
bon dioxide with the hydrocarbon fractions, 2 per cent nitrogen 
with the hydrocarbon fractions, and 14 per cent carbon dioxide 
and nitrogen with the hydrocarbon fractions. 


TABLE 2 BREAKDOWN OF AVERAG TIONAL 


OF GAS SAMI 
Hydrocarbon fractions 
99.2 mol per cent —— —~ 
92.9 mol per 6.3 mol 
cent methane per cent 
ethane plus 
igher 
fractions 


ANALYSIS 
-—~ Carbon dioxide plus nitrogen— 
mol per cent- 
0.4 mol per 0 4 mol per 
cent car cent nitro- 
dioxide gen 


Table 3 gives a breakdown of the carbon-dioxide contents for 
all samples. Nearly 60 per cent of the samples have less than 
.25 mol per cent and 87 per cent less than 1 per cent. The aver- 
age carbon-dioxide content is 0.4 mol per cent and the maximum 
TABLE3 BREAKDOWN OF CARBON-DIOXIDE CONTENTS 


Range carbon-dioxide 
content, mol percent 
Nil to 0.25 
° 25 to 1.0 

2. 
3 


Per cent of 


3.2 mol per cent. The breakdown of the nitrogen contents is 
shown in Table 4. Well over 80 per cent of the samples have no 
detectable amount of nitrogen, and nearly 95 per cent have less 
than 1.0 mol per cent. The nitrogen content in several samples 
is, however, quite high. 

Considering the hydrocarbon fractions only, the average anal- 
ysis on a mol per cent basis is 93.80 methane, 3.70 ethane, 


TABLE 4 BREAKDOWN OF NITROGEN CONTENTS ste 


Per cent 
samples 


Nitrogen content 
mol cent 
Nil 
Nil to 1 
.0to3 
12.57 
18.27 
7 
1.45 propane, and 1.05 butanes and higher. The breakdowns of 
the various contents of these gases are given in Tables 5 and 6. 


TABLE 5 BREQEDOS N OF METHANE CONTE Ess IN HYDRO- 
ARBON FRACTIONS OF SAMPLE 
(Per cent methane on basis of hydrocarbon fractions only. 
cent methane, 93.80) 
Methane content 
mol per cent 
99 to 100 


Average mol per 


Percent 


sarnples 4 
34 


46 
13 
below 85 


BREAKDOWN OF ETHANE. PROPANE, AND BUTANES 
GHER CONTENTS Bie ARBON FRAC TIONS OF 


TABLE 6 
AND HIG 

(Mol per cent of basis of hydrocarbon fractions only 
Constituent Ethane, 
— mol per cent 


Butanes and higher, 
samples 


per cent samples 


Avg mol per cent ethane, 3 70 
Avg mol per cent propane, 
14 


Avg mol per cent butanes and 
1 05 


hig! 


ry 
| 
+ 
4 
58 
29 4 
4 
lemp deg F temp 
1 80 76 
22 190 83 
2 100 34 
2 110 28 
- 40 il 120 30 
42 45 2 160 1 
2 50 20 180 2 
2 60 46 200 2 “ 
52 
f 
= 
4.0 to 5.0 19 
5.0t06.0 6 
6 0t07.0 4 
as 7 0to8 0 2 : 
7 
| 
1 


is 0.616 
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The hydrocarbon fraction consists of over 90 mol per cent meth- 
ane in 87 per cent of the samples, has less than 5 mol per cent 


ethane in 78 per cent of the samples, and less than 3 mol per 


cent propane in 89 per cent of the samples. The butanes and 
higher fractions represent less than 2 mol per cent of the hydro- 
_ carbon fractions in 88 per cent of the samples. Although not 
shown in the tables, the butanes have an average content of 
about 0.44 mol per cent, the pentanes about 0.21, hexanes 0.15, 
and 0.07 heptanes plus. 

The specific gravities as determined by test varied from 0.559 
to 0.711. The average measured specific gravity for all samples 
Gross heating values on a dry basis averaged to 1082 
Btu per cu ft at 60 F and 14.73 psia. 


CorRELATION Metuov 


Various methods for predicting supercompressibility factors of 
natural-gas mixtures are available (3, 4,5, 6). All methods spe- 
cifically designed for predicting values at high pressure utilize the 
“law of corresponding states,” the concept of pseudocritical tem- 
perature and pressure and the generally accepted rule that 
critical temperature and pressure of a paraffin hydrocarbon mix- 
- ture may be defined by its specific gravity. With consideration 
- given to overlapping of the various methods, the method pro- 
_ posed by Dunkle (6) appeared most promising, not only because 

of apparent agreement between predicted results and test data, 
- but primarily because of its make-up on the basis of methane as 
the only hydrocarbon and its representation in terms of con- 
venient properties of natural-gas mixtures. 

The framework of the method proposed by Dunkle consists of 
using supercompressibility factors of methane expressed in terms 
of reduced temperature 7’, and reduced gage pressure P, as the 
_ basis for evaluation of supercompressibility factors of mixtures 
of hydrocarbon fractions, carbon dioxide, and nitrogen. This 
assumes the “law of corresponding states”’ valid for any mixture, 
meaning that for the same reduced temperature and pressure the 
supercompressibility factor of a mixture equals that for methane 
alone. This assumption may be justified only because the prin- 
cipal constituent of a natural-gas mixture is methane, and hence 
any errors introduced because of deviations from this law should 
have negligible effect on the accuracy of the predicted value for 
the mixture. 

The reduced temperature of a mixture is defined as the ratio of 
the absolute, temperature T to its pseudocritical temperature 
6, where 


= + {1] 


_ The reduced gage pressure of a mixture is defined as the ratio of 


the gage pressure P to its pseudocritical pressure x, where 


Equations [1] and [2] require knowledge of the fractional analysis 
of a gas mixture to define the reduced temperature and pressure. 
Since in normal practice this analysis is not readily available, 
the generally accepted rules that pseudocritieal temperature, 
pseudocritical pressure, and heating value of the hydrocarbon 
fractions vary linearly with the specific gravity of the hydrocar- 
bon fractions will be employed. These may be stated in equa- 
tion form as 


lie 


47 
carbon dioxide, and nitrogen is related to the fractional analysis 
by the equation 
G = + XG, + X,G, {6} 
Also, since nitrogen and carbon dioxide are diluents, the heating 
value of the mixture is 
H = X\H, 
Lastly 
X, +X, +X, = 10 
These Equations [1] through [8] may be solved simultaneously 
to vield 


4 
+ (d + G, — #,) 


+ kG 


Inasmuch as a, b, d, e, g, k, 8., 6,, G., and G, are constants, Equa- 
tions [9] and [10] may be reduced to 


0.) X. — (a + 6G, 
~(g + kG.) X, 


g + kG, 


- 6.) 


"| 


—(a + 6G, 


X, 


(g + kG.) X, 


g + kG, {10} 


6 =a + + @H + {11} 


+ 8G + + BX, [12] 


where the coefficients on the variables G, H, and X, are con- 
stants. In this form the pseudocritical temperature and pres- 
sure are defined in terms of the conveniently determined proper- 
ties of a gas mixture—the specific gravity, the heating value, and 
the carbon-dioxide content. Additional measurement of mix- 
ture temperature and pressure allows direct calculation of re- 
duced temperature and reduced gage pressure, from which the 
supercompressibility factor of the gas mixture is defined. 


SuPERCOMPRESSIBILITY Factors FoR METHANE 


Existing data on the compressibility factors of methane (7, 
8, 9, 10) were used to prepare the basic working chart of super- 
compressibility factor F,, as a function of reduced temperature 
T, and reduced gage pressure Py. All data were converted to 
yield a supercompressibility factor of unity at a base pressure of 
14.4 psia. A problem encountered in the preparation of these 
working data resulted from the fact that relatively low reduced 
temperatures must be included in order to make the data applica- 
ble to natural-gas mixtures having high percentages higher hy- 
drocarbons. Compressibility factors in the temperature range 
60 F to 200 F are necessary for preparation of working data. 
A thorough study of the available data in the low-temperature 
range shows appreciable inconsistency among various sources, 
and, in consequence, the values chosen represent what appeared 
as a best average. Considerable weight was attached to values 
calculated from the Benedict equation of state (10). Within the 
high-temperature range, 40 F to 200 F, data from the various 
sources are in fairly good agreement; the data of Sage and Lacey 
(7) were used exclusively in the final definition of the supercom- 
pressibility factors in this temperature range. 

Table 7 lists the supercompressibility factors F,, of methane 
for reduced gage pressures up to 3.0. Values for higher pressure 
are not presented because of lack of test data for confirmation of 
results. Linear interpolation of these data will introduce a devia- 
tion no greater than 0.01 per cent from a plotted curve of the 
listed data. 


7 
: = The specific gravity of the mixture of hydrocarbon fract j 
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TABLE 8 CRITICAL TEM "RES AND PRESSURES OF HY- 
DeTERMINATION OF GENERAL EQUATIONS FOR CALCULATION OF TAB ‘ARBON COMPONEN SE | CALCULATING PSEUDO. 
TEMPERATURE AND PRESSURE CRITICAL TEMPERATU tESSU RES OF NATURAL-GAS 


Three basic relationships involved in the general equations for . Critical 
critical temperature and pressure of gas mixtures are the assumed 
linear variation of heating value, pseudocritical temperature, and 
pseudocritical pressure with specific gravity, when all variables 
are expressed on a pure hydrocarbon basis, The validity of the 
general Equations [9] and [10] depends directly on the accur- 
acy of these straight-line equations. 

Fig. 1 shows a plot of the gross heating value on a dry basis as Heptanes plus... 

a function of the specific gravity, both co-ordinates expressed on 
a pure hydrocarbon basis. The test points shown in Fig. 1 


cover all gas samples employed to date in the deviation tests, 
A best straight line passing through the heating value for pure 
methane and the other points is given by the solid line. The 
constants g and k in Equation [3] are defined by this line and are 


18604 006, 


g = 186.0 and k = 1485 


so that the linear relationship between the pure hydrocarbon 
heating value and pure hydrocarbon specific gravity is 


H, = 186.0 + 1489 G,.... ... [8a] 


Fig. 2 shows the pseudocritical temperature of the gas samples 
plotted in terms of the specific gravity, with both co-ordinates ex- 
pressed on a pure hydrocarbon basis. The pseudocritical tem- 
peratures were calculated directly from the fractional analyses of SPECIFIC GRAVITY, G, 
the gas samples, using values of the critical temperatures of the bi ia 
various hydrocarbon fractions as shown in Table 8. The critical tom Fie. 1 


GROSS HEATING VALUE, H,, 


ORY BASIS, BTU PER CUBIC FOOT 


TABLE 7 METHANE 
118 1.20 1.34 1.36 1.38 1.40 1.42 
: «1.0237 158 «61.0150 1.0142 1.0134 1.0125 1.0119 
0512 1 0481) «1.04521 $15 1.0298 10282 1.0267 1.0253 1.0240 
0795 «1.0743 «(11 06961 0480 1.0453 1.0429 1.0405 1.0384 1.0362 
1132 1087 0651 10613 1 0577 1.0545 1.0513 1.0484 
52! 0831 1.0734 1.0690 1.0650 1.0612 
2006 1802) 1.1631) 1.1172) 1021 1.0957 1.0896 1.0840 1.0788 1.0740 
1.1835 1.1667 1.1527 1.1411 1.1310 1219 1.1139 1.1063 1.0904 1.0930 1 
1.1972 1.1804 1.1657 1.1533 1418 1.1317 1.1226 1.1142 1 1067 1.0997 
1.1926 1.1766 1622 1.1496 1.1385 1.1286 1.1199 1.1119 
\ 1.19 1807 “1.1662 1.1533 1.1423 1.1323 1.1234 
1961 1.1811 1.1675 1.1552 1.1438 1.1340 
1.1944 1.1798 1.1665 1.1545 1.1438 
1.1907 1.1765 1.1636 1.1517 
1.1993 1.1847 1.1712 1.1588 
1.1905 1.1765 1.1639 
1.60 1.62 1 64 1 66 1.68 1.70 
0074 «1.0070 1.0065 1.0063 1.0060 1.0056 
0148 1.0140 1.0133 1.0125 1.0119 1.0114 
0221 1.0210 1.0200 1.0190 1.0180 1 0171 
0458 10433 0312 0295 1.0280 1.0266 1.0253 1.0240 1.0227 
0573 1.0544 0392 0371 1.0351 1.0333 1.0315 1.0299 1 0284 
0696 0656 0465 0441 «1.0419 1.0396 «1.0875 «1.0355 1.0335 
0816 1.0768 0539 0510 1.0482 1.0456 1.0432 1.0409 1.0386 
0932 1.0874 0607 0574 1.0543 1.0514 1.0486 1.0459 1 0434 
1045 0674 0635 1.0600 1.0569 1.0537 1.0508 1 
11531-1078 0740 0695 «(1.0655 1.0618 1.0583 1.0551 1.0521 
1250 1.1168 0795 0748 «61.0705 1.0665 «1.0626 1.0591 1.0558 : 
13401. 1256 0850 0798 1.0750 1.0705 1.0664 1.0625 1.0589 
0898 0842 «1.0791 1.0742 1.0699 1.0657 1.0618 
14751137 0935 0877 1.0825 1.0773 1.0727 1.0684 1.0643 
152111412 0961 0901 «1.0844 :0795 0863 
= Reduced te 
1 72 174 7 
: 0210 1.0205 0104 1.0185 1.0174 = 
s 
° 
$ 
ALL DATA CONVERTED 


975+ 33566, 


SPECIFIC GRAVITY, G, 


PSA 


Fie. 2 


DATA CONVERTED 
TO PURE HYDROCARBON 


: 


SPECIFIC GRAVITY, G, 
| 
temperature of ethane has been adjusted from the standard value 
of 550 R to 595 R. This adjusted value of the critical tempera- 
ture of ethane was arrived at by comparison of the experimental 
data on the supercompressibility factor with those for methane 
— given in Table 8. The straight line shown in Fig. 2 is given by 


Fis. 3 


0, = 157.5 + 336.6G,.... {4a} 
Hence the constants of Equation [4] are a equal to 157.5 and b 
equal to 336.6. 

A plot of the calculated hydrocarbon critical pressures versus 
hydrocarbon specific gravity is shown in Fig. 3. The critical 
pressures of the hydrocarbon components used in calculating the 
pseudocritical pressures of the mixtures of hydrocarbons are 
the standard values listed in Table 8. The straight line used to 
represent the variation of pseudocritical pressure with specific 
gravity is 

= 60 — 31 G, 
so that the constants d and ¢ are equal to 690 and 31. 
In making the data of methane, expressed in terms of reduced 


ss ¢o-ordinates, apply to mixtures containing carbon dioxide and 


nitrogen, it is necessary to use adjusted values of their critical 


temperatures. The experimental data obtained to date in the 
test program containing appreciable quantities of these diluents 
are too few in number to allow direct evaluation of the adjusted 
values. For this reason the adjusted values as given by Dunkle 


(6) areemployed. They are 
= 510 R and 6, = 216 R 


The critical pressures of carbon dioxide and nitrogen are taken 
equal to their standard values of 1072 psia and 492 psia, respec- 
tively. 

The general Equations {11} and (12) for calculation of pseudo- 
critical temperature and pressure are obtained by direct substi- 
tution of these constants into Equations [9] and [10]. The re- 
sulting relationships are 


6 = 127.0 + 92.10 G + 243.2X, + 0.1642 H {lla} 


= 6708 — 184.8 G + 681.9 X, + 0.1033 H...[12a} 
Reduced temperature and pressure associated with the data of 
Table 7 are calculated from these equations. 


Comparison OF Prepicrep F,, Factors 
DererMinep Data 


Since specifie gravity, carbon dioxide, and nitrogen content were 
determined for each test sample, an evaluation of the accuracy 
of the working method may be made by comparing the F,, fac- 
tors determined by test with those derived from the basic meth- 
ane data. 

The results obtained from this comparison are given in Figs. 
4 through 10. Fig. 4 shows the supercompressibility factor F,, 
as a function of reduced pressure for one temperature. The 
lines A, B, and C define the values of F,, derived from existing 
methods for predicting supercompressibility factors. The solid 
line marked “‘working method"’ detines the values derived from 
use of Equations [lla] and [12a] and the basic methane data of 
Table 7. Agreement of working-method data with experi- 
mental data is within 0.10 per cent over the entire pressure range. 


|_| 


TEST c 


i 


TEMPERATURE 60° 
SPECHIC GRAVITY O63) (meas) 
FRACTIONAL ANALYSIS, MOL 


NITROGEN 
- 


SUPERCOMPRESSIBILITY FACTOR, F,, 


100 
600 


PRESSURE, 


—— 


Figs. 5, 6, and 7 summarize the difference between measured 
values of F,, and the corresponding values derived from the 
working method. Differences are plotted as a function of the 
reduced temperature 7’. The reduced pressure P, is constant 
for each plot, being equal to 0.40, 0.80, and 1.20 for Figs. 5, 6, and 
7, respectively. A study of the three plots shows no detectable 
difference between the pure hydrocarbon mixtures and those con- 
taining less than 1 mol per cent carbon dioxide plus nitrogen 
Hence for comparison purposes the mixtures containing slight 
amounts of diluents may be included with the pure hydrocarbons. 
For the reduced pressure of 0.40 the algebraic mean deviation is 


Fie. 4 


ZIMMERMAN, BEITLER—STUDY OF SUPERCOMPRESSIBILITY FACTORS FOR NATURAL GASES 949 i" 
« 
a 
& ALL CONVERTED 
TO PURE HYDROCARBON BASIS 
ere) 
° 
ere ARP 
° 
670 Q 
ag 
eee 
FIGURE 3 
060 oss on 
| 
mes 903 
1000 (200 
= ' 


HYOROCARBON 
MATURES < 10 
My 


— 


89% TEST POwTS 
witha * 00010 


PRESSURE, 


FIGURE 5 


2-TEST POINTS > COOZO DEVIATION 


REDUCED TEMPERATURE, 


T. 


weasuneo — Foy 


AUGUST, 1952 


REOUCEO TEMPERATURE, T, 
6633 


WEAN + QO00T 


AG MEAN 0.0005 


° 
625% TEST 


+ 


‘GUCED 
PRESSURE, 


FIGURE 6 
POINTS > 00020 


7. TEST 


REDUCED TEMPERATURE, T, 


6 


ney 


OROCARBON 
CO,* 


64% TEST 
wr 
3 TEST PONTS 


REDUCED TEMPERATURE , 


Tr 
Fie. 7 


wt 


Fey weasuneo — cnant 


GAGE PRESSURE, 


POINT > 00020 OfviaT 040 


REDUCED TEMPERATURE, 


Fie. 9 


J 


O10 CO, +1257 
co, +27 
ALG MEAN © 
Tes’ 


° 


3- POINTS = 00020 DEVIATION 


EIGURE 10 


REDUCED TEMPERATURE, 
Fic. 10 


¥ 
° 
130 140 1@0 190 ‘400 900 2000 2400 
i = PRESSURE, PSIG 
. On + O35 SN, 
30,8 
‘ | ° 
° 0 002 
oO “tr 
« sco, 
{ j J e »3 amit MEAN $3538 + Oss 
© - SCO, + O55 
° 
° 
° 
130 140 190 140 180 20 


1 


A 


i 


ahs 


=, ¢ 


ry >. 


ZIMMERMAN, BEITLER 


roughly +0,0002, the arithmetic mean deviation 0.0005, and 89 
_ per cent of all test points have differences less than 0.0010 from 
the values obtained by the working method. At a reduced pres- 
sure of 0.80, Fig. 6, the algebraic mean deviation is about 
+0.00015, the arithmetic mean 0.0007, and 82 per cent of all test 
points differ less than 0.0010 from the values obtained by the 
working method. Similar results are obtained for the reduced 
gage pressure of 1.20, Fig. 7; here, the algebraic mean deviation 
is +0.0001, the arithmetic mean 0.0006, and 84 per cent of all the 
points fall within the plus or minus 0.0010 range. 

No apparent trend of deviation between predicted and test 
values exists for the presently covered range of temperature and 
pressure. Considerable study was given to the deviations in an 

effort to find if the differences might correlate in terms of some 

secondary variable, such as mol per cent propane or butane, spe- 
cific gravity, test temperature, and so on. The results showed 
that the differences are independent of all variables. It is antici- 
pated that minor modification of constituent critical pressures 
will be necessary when forthcoming very high-pressure data are 
analyzed. 

Fig. 8 gives the differences between the predicted values of 
F,, and corresponding test data for five high-pressure tests. The 
number of high-pressure tests is too few to check conclusively the 
accuracy of the working method at very high pressures, but, as 
may be seen from this plot, the trends of the difference curves do 
not suggest any fundamental inaccuracies in the working method. 

A check on the validity of the working method when applied to 
mixtures containing the diluents carbon dioxide and nitrogen 
was made and the results for reduced gage pressures of 0.40 and 
0.80 are presented in Figs. 9 and 10, respectively. The maxi- 
mum carbon-dioxide content is 3.2 mol per cent and the maximum 
nitrogen content is 18.27 mol per cent. A study of the differ- 
ences over this range of percentage of diluents indicates no par- 
ticular trend with any variable, and it may be concluded that the 
differences can mostly be ascribed to experimental variations. 
Furthermore, it appears fairly conclusive that for the ranges of 
pressure and temperature studied, the adjusted values of the 
critical temperature for carbon dioxide and nitrogen as given by 
Dunkle are satisfactory. 

In summary, it is believed that for the pressure range, zero 
to roughly 1100 psia, the temperature range, 40 F to 200 F, the 
specific-gravity range, 0.55 to roughly 0.75, and percentage dilu- 
ents up to about 15 to 20, the working method quite accurately 
predicts the magnitude of the supercompressibility factor F,,; the 
average error is found to be less than 0.10 per cent. 
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A continuing test program is intended to furnish many high- 
pressure data from which the validity of the present working 
method may be checked. In addition, it is intended to study the 
deviations over wider ranges of specific gravity, diluents, tem- 
perature, and so on. 
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Flow 


Across Banks of Tubes—I'V 


A Study of the Transition Zone Between Viscous and Turbulent Flow 


By O. P. BERGELIN,' G. 


The experimental results of a long-term research pro- 

_ gram on flow across tube banks have been extended from 
the zone of viscous flow through the transition zone and 
well into the zone of turbulent flow. Pressure drop and 
rate of heat transfer are reported for the flow of a light oil 
across five rectangular banks of */,-in-diam tubes. Equi- 
lateral triangle, staggered square, and in-line square 

_ arrangements on a 1.25 pitch ratio, and equilateral tri- 
angle and in-line square arrangements on a 1.50 pitch 


‘ + patio are discussed. The flow rate of the oil covers a Reyn- 


olds number range of from 25 to 10,000. Heating, cool- 
_ ing, and isothermal tests are reported. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


Ay = shell-side friction area, sq ft 
Ay = outside surface area of tubes, sq ft 
c = heat capacity, Btu/(Ib) (deg F) 
D, = minimum clearance between tubes, ft 
D, = inside diameter of tube, in. 
D, = outside diameter of tube, ft 
dD, volumetric hydraulic diameter 


4 X free volume 


* exposed area of tubes’ 
tube core diameter, in. 


pumping power loss per unit heat-transfer area, (ft) 
(Ib force) /(hr) (sq ft) 
2Apg.p 

friction factor defined by for = N (“) 
dimensionless 

mass velocity through minimum cross section, |b/ 
(hr) (sq ft) 

conversion factor, 4.18 10° (mass Ib) (ft)/(force 
Ib) (hr)? 


surface coefficient of heat transfer based on outside 
surface area of tubes, Btu/(hr) (sq ft) (deg F) 


h @.14 
heat-transfer factor, j = ( G (“) 
In 


thermal conductivity, Btu/(hr) (ft) (deg F) 

length of tube bank, L = nS,, ft 

exponent on (4/y,) ratio, dimensionless 

number of major restrictions encountered in flow 
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through the bank (equivalent to n where S,, occurs 
in transverse openings; equivalent to n — | where 


S,, occurs in diagonal openings), dimensionless Le 


Reynolds number D,G,, dimensionless 

Reynolds number D,G,,/u, dimensionless 

number of tube rows in direction of flow, dimension- 
less 

pitch, defined as minimum center-to-center distance 
between adjacent tubes. (In case of staggered 
square arrangements pitch is measured along a 
line 45 deg from direction of flow), ft 

pressure, psf 

longitudinal pitch, distance between center lines of 
adjacent transverse rows, ft 

longitudinal pitch, center-to-center distance from a 
tube in transverse row to the nearest tube outside 
of that row, ft 

shell-side minimum flow area, sq ft 

transverse pitch, center-to-center distance between 
tubes in a transverse row, ft 

velocity through shell-side minimum flow area, fps 

total annulus area, sq ft 

mass rate of flow, Ib per hr 

absolute viscosity at average bulk temperature, 
Ib/(hr) (ft) 

absolute viscosity at tube surface temperature, 
Ib /(hr) (ft) 

= density at average bulk temperature, pef 


INTRODUCTION 


Although flow rates in the zone of transition between viscous 
and turbulent flow are often utilized in the operation of heat- 
exchange equipment, there is no established equation to describe 
the variation in fluid friction and rate of heat transfer with flow 
rate in this range. For the case of flow inside tubes Colebrook 
(1)* has made a beginning in the analytical approach to pressure 
drop, but no similar presentation has been made for heat transfer. 
For flow across tube banks practically no data are available for 
either pressure drop or heat transfer, and the usual graphical cor- 
relations of tube-bank data either do not extend over this zone or 
show a smooth curve through the zone without adequate experi- 
mental verification. 

In this paper experimental data for the transition zone are pre- 
sented and are compared with the previous rough correlations. 
At the upper limit of the transition zone the data are compared 
with Grimison’s correlation for turbulent flow, and at the lower 
limit with the data which have been reported previously for vis- 
cous flow as a part of the current research program. 


ProcepuRE 
The basic equipment and procedures have been described in 
detail previously (2, 3, 7) and, therefore, will be discussed only 
briefly at this time. Table | gives the physical dimensions of all 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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El HEAT-EXCHANGER DIMENSIONS AND CONSTANTS 


j 5 Model number l 


‘Tube arrangement 
Jutside tube diameter, Dy, in. 

f Minimum tube clearance, D-, in. 
Exposed tube length, in... 
Number of copper tubes 
- quivalent exposed tu 

Volumetric hydraulic diam, D-, ft 
pa om flow area, Sm, aq ft 
Number of tube rows, n 
Number of contractions, NV 
Heat-transfer ares, AH, aq ft 
area, AF, ft 
Piteh ratio, Dr 


Triangular 
0 375 


h of tube bank, L, ft 
ide tube diameter, Dy, in. 
Tube core d, in. 
Annulus ratio, Di/d 


48 
Total annulus area, Sw, aq ft 0 0158 


TABLE 2 


Btu Btu 
(ib) (deg F) (hr) (ft) (deg F 


0.504 
0.52! 
0 

0.558 


4 
Triangular 


oo 


22 


- 


PHYSICAL PROPERTIES OF GULF } , 
(eu ft) 


(hr) (ft) 


* Calculated using equation of Watson and Nelson, Industrial Saginpering Chemistry, vol. 25, 1933, p 


880: Cp = 0.6811 — 0.3086 + 1(0.000815 
where 

s = specific gravity at 60 F 

t = temperature, deg F 

AK = characterization factor 

t Experimentally determined values 


0.000306 s) (0.055.K 


** Calculated using equation of C. 8. © ragoe, Bureau of Standards Misc. Publication No. 97: 


k=! {1 — 0.0003 (¢ 


a = specific 
= temperature, F. 


— 


the exchangers tested, Water at 100 or 200 deg F is passed upward 
through the vertical tubes of the models and a light oil, Gulf 896, 
whose properties are given in Table 2, is passed horizontally across 
the tube banks. Cores are used in the tubes to obtain high water 
velocities and high waterside film coefficients of heat transfer. 
Standardized test runs, made at the beginning and end of the 
testing of each model, show that there was no appreciable fouling 
during the tests. Heat balances with less than +5 per cent 
deviation were obtained for all runs. 

The pressure drop across each tube bank is taken between taps 
located along the horizontal center line of the model at points 
*/,in upstream and downstream from the ends of the tube bank 
The pressure drop is measured with inclined air-over-water 
manometers for the low rates of flow and oil-over-mercury ma- 
nometers for the high rates. Temperature differences across the 
exchanger are, measured with five-junction, series-connected, 
copper-constantan thermocouples which are inserted in an 
aluminum block in the flow stream. A single couple also is pres- 
ent in each block to measure the point temperature of each 
stream for evaluation of physical properties. These mixing 
blocks were installed during the tests on a heavier oil and have 
been retained because of the good heat balances which are ob- 
tained. This method of temperature measurement does not show 
& rapid response to temperature change, but it appears to be 
quite satisfactory for the steady-state conditions used during 
these tests 


Resutts 


This paper presents the experimental results for one oil flow- 
ing across five tube banks and with various tube arrangements. 
Isothermal flow with the oil at 150 deg F, oil heating with water at 
200 F, and oil-cooling runs with water at 100 deg F are reported. 
The maximum linear velocity of the oil ranges from 0.015 to 6.0 
fps, and the Reynolds number from 25 to 10,000. Over-all co- 


efficients of heat transfer vary from 632 to 28.4 Btu/(hbr) (sq ft) 
(deg F) while the calculated water-film coefficients are 1540 at 
100 F, and 2630 at 200 F. The oil-film coefficients are calculated 
by subtracting the resistances of the water film and the metal wall 
from the over-all values. 


DiscussiON oF Resuts 


Pressure Drop. The variation of isothermal pressure drop 
with linear velocity in the tube banks is shown in Fig. 1. For 
the staggered tube banks having a 1.25 pitch ratio, models 1 and 
3, the experimental results can be represented by straight lines 
with slope of about 1.75. The in-line arrangement with a 1.25 
pitch ratio, model 2, yields a line with slope of about 2.15. The in- 
line artangement has a lower pressure drop than the staggered 
arrangement at low flow rates, but because of its greater rate of 
change of pressure drop with velocity, the pressure drop for the 
in-line bank becomes greater than that for the staggered banks 
at a velocity between 1 and 2 fps. The arrangements with the 
1.50 pitch ratios, models 4 and 5, show a similar reversal in rela- 
tive pressure drop but the pressure drop is less for these models 
because of the wider tube spacing. 

The pressure-drop results are shown in Figs. 3 to 7 as the fric- 
tion factor recommended by Chilton and Genereaux (4) for turbu- 
lent flow, plotted versus the Reynolds number based on the tube 
diameter. While the present experiments do not extend very 
far into the turbulent zone, the curves established by previous 
investigators (5) are indicated in the figures. The considerable 
variation in the results for pressure drop during heating and cool- 
ing at low flow rates is probably due to the difficulty in measuring, 
under nonisothermal conditions, pressure differentials in the 
order of 0.02 in. of water. Previous results (6), which were ob- 
tained in this region with a heavier oil, are considered more relia- 
ble and are used to dotersnine the position of the line in the zone 
of viscous flow. 
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correction has been applied 


In Figs. 3 to 7 the friction factors for cooling, in general, are 
somewhat greater than for isothermal flow, and during heating 
they are somewhat lower. Therefore a compensating viscosity 
This has brought the 
data closer together but is not fully adequate. It appears that 


tion due to heating or cooling is not a funetion of the bulk 
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temperature and the tube-wall temperature only, nor does it 
change with the Reynolds number in a simple manner, The cor- 
rect function may be (4 /y,)", where m is different for heating and 
cooling and is a function of the Reynolds number. 

By using Figs. 3 to 7, a region of transitional flow through tube 
banks ean be defined roughly as that zone, extending over a Reyn- 
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olds-number range of about 200 to 5000, in which the curves 
are different in form from those in either the viscous or the 
turbulent regions. This difference is most striking for the in-line 
arrangements, where the curve passes through a “dip region” 
similar to that found for flow inside pipes, 

Heat Transfer. The variation of the coefficient of heat transfer 
with linear velocity during cooling is shown in Fig, 2 where the 
difference between the staggered and in-line tube arrangements in 
the transition range is clearly discernible. From velocities of 
about 0.1 to 0.6 fps the heat-transfer coefficients for the in-line 
banks fall far below those for the staggered banks. At flow 
rates in the range stom 0.6 to 2.0 fps the relative performance o! 
the in-line banks improves compared to staggered, and the coefti- 
cients become comparable to those for the staggered arrange- 
ments above a velocity of about 4 fps. 

In Figs. 3 to 7 the data are plotted as j-factors versus Reynold- 
numbers, and the difference between the in-line and staggered 
arrangements is again apparent over approximately the same 
range as for the friction factor. The effect of differences in vis- 
cosity between the main body of the oil and the film at the tube 
surface is elso visible. This effect has been partly compensated 
for by including the ratio (4,/m)®"* in the j-factor. The corree- 
tion works well for both the staggered and in-line arrangements in 
the transition and early turbulent zones. 

Between Fluid Friction and Heat 
Smoothed curves for both the friction factor and the j-factor are 
presented for comparison in Fig. 8. 


Comparisons Transfer 
In this figure the upper 
Reynolds number for the viscous zone is arbitrarily designated 
as 200, which appears to be the average value at which the ex- 
perimental results begin to deviate markedly from the straight 
lines which represent the data in the viscous zone. The lower 
Revoolds number for the turbulent zone is assumed to be 5000 
At this value the heat-transfer curves for in-line and staggered 
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arrangements become more or less coincident, and the friction- 
factor curves for all arrangements assume forms similar to those 
for turbulent flow through rough pipe. The range between 
Reynolds numbers of 200 and 5000 is taken as the transition zone. 
It is interesting to note that if flow through tube banks is con- 
sidered analogous to flow through rough pipes, 
rangements appear to have the greatest relative roughness. The 
wider spacing seems to give turbulence at a lower Reynolds num- 
ber but, if the Reynolds numbers are based on the equivalent in- 
stead of the tube diameter, the transition occurs at a Reynolds 
number of about 6000 for all arrangements. Here again the 
equivalent diameter appears to be better than the tube diameter 
as a criterion for the type of flow. 

The reason for the variation in the form of the curves in the 
transition zone as just defined may be due to the manner in which 
turbulence is initiated and spread throughout tube banks. Mo- 
tion pictures have shown that in simple crossflow tube banks with 
staggered arrangements, the turbulence usually begins near the 
exit end, gradually works upstream as the flow rate is increased, 
and finally becomes general throughout the tube bank. This be- 
havior may account for the gradual change in the slope of the 
curves in Fig. 8 for the staggered arrangements through the 
transition zone. In-line tube banks, on the other hand, seem to 
have more nearly the characteristics of pipes, in which the transi- 
tion to turbulence takes place at one time throughout the fluid 
With the in-line arrangements the fluid passes through the 
straight channels in the tube bank as though it were flowing 
through a duct, and when turbulence begins it occurs through- 
out the tube bank. In confirmation of these observations, Fig. 
8 shows that there is a rapid change in pressure drop and rate of 
heat transfer for in-line arrangements in the transition zone, with 
the form of the curves being quite similar to the case for flow in- 
side tubes, 
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The relationships between the heat-transfer coefficient and the 
power requirement for flow through the tube banks are shown in 
Fig. 9. The closely spaced tubes in staggered arrangements ap- 
pear to be the most effective in the transition zone. Wider spac- 
ing in staggered arrangements appears to have an ill effect over 
the entire range of flow rates. In-line tube banks fall well below 
the staggered arrangements in the transition zone, but at higher 
flow rates the two types of arrangements with the same spacing 
An inter- 
esting difference between the two types of arrangements is that 
for the in-line tube banks an increase in tube spacing appears to 
improve the operation in the transition zone rather than to harm 
it. This improvement is not enough to bring the performance 
of widely spaced in-line arrangements up to that of the staggered 
arrangements. 


appear to be about equal on this basis of comparison. 


CONCLUSIONS 


1 Data not previously available are presented for pressure 
drop and heat transfer in the transition and turbulent-flow re- 
gions, and indicate the necessity of having experimental results, 
especially in the transition zone where tube arrangement plays an 
important and hitherto unpredicted role. 

2 For staggered tube arrangements the change in pressure 
drop and heat transfer across the transition zone can be repre- 
sented by curves which are without irregularities, On the other 
hand, in-line arrangements provide curves that have dips similar 
to those known for flow inside pipes. This difference in behavior 
is believed due to a difference in the mechanism of turbulence 
formation. 

3 When the tube banks are compared on the basis of the heat- 
transfer coefficient for a given power loss, the staggered arrange- 
ments appear definitely superior in the transition zone. This 
superiority seems to disappear as full turbulence is reached 
throughout the tube bank. 

It should be pointed out that these conclusions are based only 
upon crossflow experiments and may not be true for commercial 
baffled exchangers where the effects of varying cross section, leak- 


Comparison or Heat-Transerr Power RequireMents ror Five Tuse Banks 
Gulf 896 oil at average bulk temperature of 150 deg F, viscosity 1.85 centipoises.) 


ages, nonuniform flow, and so on, may lead to far different re- 
sults. 
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Discussion 


€. J. Wiuson.* The tube pitches used for the diameter of the 
tube were excessive in the model. It is suggested that the recom- 
mendations of Standards of The Tubular Exchanger Manufac- 
turers Association be used which states; ‘Tubes shall be spaced 
with a minimum center-to-center distance of 1.25 times the out- 
side diameter of the tube. When tubes are on a square pitch, a 
minimum clearing lane of '/, in. shall be provided.” 

In the test model the tubes are rigidly supported at both ends 
whereas in commercial exchangers the tube sheets are spaced 
from 10 to 20 ft apart with intermediate support plates that have 
'/» in. on the diameter. 

It is believed that the difference between the test model and 
commercial-size heat exchangers, as pointed out in the foregoing, 
are such that the combined effect would be to induce turbulent 
flow in the commercial-size exchanger at a lower Reynolds num- 


clearance of from '/@ to 


Engineer. The Company. Massillon, 


ber than in the test model, owing to , the — rigid structure of the 
commercial model and the relatively closer spacing of the tubes. 


Avutsors’ CLosurE 


In answer to Mr. Wilson’s discussion, three of the five models 
tested had pitch-to-diameter ratios of 1.25, the minimum recom- 
mended by TEMA. The value of 1.50 was chosen for the other 
two models so that the effects of tube spacing could be greatly 
emphasized. Had a minimum clearing lane of '/, in. been pro- 
vided for the square-pitch models, a pitch-to-diameter ratio of 
1.67 would have been necessary, a value more excessive than the 
values of 1.25 and 1.50 actually employed 

It is quite possible that the differences in structure bet ween the 
test models and commercial equipment could lead to different re- 
sults. It was pointed out in the conclusions of the paper that 
other effects in baffled exchangers, such as leakage and nonuni- 
form flow, could invalidate to some extent the results from cross- 
flow experiments. Experiments are being continued at the Uni- 
versity of Delaware laboratories to determine the relationship be- 
tween “once-flow-through”’ and baffled exchangers. 


wale 


Thermal conductivity measurements were made on 
samples of an experimental glass fibrous insulation rang- 
ing in density from 0.5 to 8.4 pcf. Tests were carried out 
at atmospheric pressure with four different gases in the 
insulation samples, and the thermal conductivity with 
air was studied over a pressure range of 1 micron to 760 
mm of Hg. Gas conduction is the most important 
mechanism of heat transfer. A theory of gas conduction 
in fibrous insulations was developed, and agrees well with 
experimental results. Theoretical considerations of heat 
transfer by radiation were confirmed by the experimental 
thermal conductivity values at low pressures. Methods 
are discussed of producing considerable reduction in the 
thermal conductivity of fibrous insulations. 


NOMENCLATURE 
_ The following nomenclature is used in the paper: 


A = collision cross section, dimensionless 
D = fiber diameter, micron 
d = sample thickness, in. 
f = fractiona) volume of insulation occupied by fibers, di- 
mensionless 
probability of an intermolecular collision in distance z, 
dimensionless 
over-al] thermal conductivity of fibrous insulation, Btu 
in. /hr sq ft deg F 
thermal conductivity of gas within insulation, Btu in. / 
hr sq ft deg F 
apparent thermal! conductivity due to convection, Btu 
in. /hr sq ft deg F 
apparent thermal conductivity due to radiation, Btu 
in. /hr sq ft deg F 
thermal conductivity of free gas, Btu in. /hr sq ft deg F 
thermal conductivity of solid conduction due to fiber 
contacts, Btu in. /hr sq ft deg F 
mean free path of gas molecules in a free gas, micron 
mean free path at very low pressures for ‘“molecule- 
fiber” collisions, micron 
mean free path of gas molecules within a fibrous insula- 
tion, micron 
summation index, dimensionless 
pressure, mm Hg 
radiation power received by mean plane of insulation, 
Btu /hr sq ft 
= absolute mean temperature, deg R 
= temperature, deg F 
= temperature drop across insulation, deg F 
= random distance, micron 
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a = fraction of incident radiant energy er by a fiber, 
dimensionless 
V, = probability of intermolecular collision in distance z for a 
free gas, « 
WV, = probability of molecule-fiber collision in distance x at 
very low pressures, dimensionless 
o = Stefan-Boltzmann radiation constant, Btu /hr sq ft deg 


INTRODUCTION 


The apparent thermal conductivity &, of a fibrous material can 
be expressed in terms of the apparent conductivities of a gas, 
usually air, and of the solid material. The term “apparent” 
is employed to denote that radiation and convection are being 
considered in addition to true conduction. If the gas separates the 
fibers so that they are not in direct contact, the heat transfer may 
be treated as though the volume fraction of fiber f was in series 
with the volume fraction of gas, 1 — f; and the apparent thermal 
conductivity is calculated in a similar manner as the electrical 
counterpart of two conductances in series. When the volume 
fraction of fiber is small and the thermal conductivity of the 
fibers is large, compared with that of the enclosed gas, the fol- 
lowing expression is obtained for the apparent thermal conduc- 
tivity of the fibrous insulation 


(ea + ee + ee) 
where the term k, has been added to take into consideration the 
smal] amount of heat transfer due to the irregular contacts be- 


ke +k, 


tween the fibers. 


Air conduction and convection in a fibrous insulation become 
negligible at extremely low pressures. Measurements of thermal 
conductivity over a pressure range of 1 micron to 760 mm were 
made to separate these two mechanisms of heat transfer from 
radiation. 


EXPERIMENTAL APPARATUS AND TECHNIQUES 


The thermal conductivity apparatus used in the experimental 
portion of this investigation was a horizontal guarded hot plate 
(1)? contained in a vacuum chamber. The test assembly con- 
sisted of two identical insulation samples between two cold plates 
with the guarded hot plate between the samples. The chamber 
had the necessary pumps and controls to maintain pressures 
ranging from 1 micron mercury to atmospheric pressure. Fig. 1 
gives an over-all view of the test apparatus. 

The vacuum chamber used was a steel tank 3 ft diam X 2 ft 
high. The two halves of the tank were made vacuumtight by a 
rubber gasket. The chamber was evacuated by an oil-diffusion 
pump backed by two mechanical pumps. A solenoid-operated 
butterfly valve was placed in the vacuum line between the cham- 
ber and the pumps, to provide a positive means of regulating the 
pressure in the chamber. 

Pressures below 1 mm mercury abs were measured with a 
McLeod gage equipped with a dry-ice and alcohol cold trap. Pres- 
sure control in this range was by a thermocouple vacuum gage. 


* Numbers in parentheses refer to the Bibliography at the end of tne 
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The output voltage of the gage was fed into a conventional te 
perature controller which operated the solenoid vacuum val 
Above | mm a closed-tube mercury 
Measure pressure 


manometer used 


In this region very sensitive pressure cont 


was 


was achieved by a special contactor type of manometer filled wi 
triethylene glycol. The glycol has a low vapor: pressure a 
sufficient electrical conductance to operate a vacuum-tube rels 

The heater used in the guarded hot-plate assembly was circul 
10 in, diam with a A sample thickness 
The faces of the heater were '/¢ 


5-in-diam test section 
1 in. was used in these tests. 
thick copper, with the test and guard sections separated by 
‘Vein. In addition to the test-section heater winding 
the The int 


guard wes in series electrically with the test-section heater, T 


space 


heater contained two sets of guard windings 


outer guard was controlled separately by a temperature regulat 
which sensed the center-to-guard temperature difference by mea 
of eight’ pairs of series-differential thermocouples. The c¢ 
plates were 12 in. diam and of brass. Water circulating throug 
the cold plates was fed from a constant-head device through 
thermostated water bath. Fig. 2 shows the inside of the vacuum 
chamber with the edge insulation removed from the hot plate. 

The surface temperatures of the insulation samples were meas- 
ured by copper-constantan thermocuples fastened to asbestos- 
paper thermocouple sheets with Seotch tape. Five symmet- 
rically arranged couples connected in parallel were used to ob- 
tain a true average temperature of each face. The thermocouple 
voltages were measured with a precision potentiometer. Power 
for the heaters was obtained from a regulated a-c voltage source 
held to less than '/, per cent fluctuation. 
couple leads were brought into the 
seals 


Both power and thermo- 
vacuum chamber by Kovar 
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Most of the tests were conducted with the mean temperature 
at 150 F. The insulations of higher density were also tested at. 
300 F mean. During the tests the temperature of the cooling 
water bath was adjusted to give an average temperature of 90 or 
150 F at the two cold surfaces of the insulation samples. After. 
the pressure control had been set to maintain the desired pressure, — 
the power to the test-section heater was adjusted by a variable 
transformer so that the average hot-surface temperature was 210 
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or 450 F, and the mean temperature 150 or 300 F. During 
the tests the average deviation of the mean temperature was 
about '/2 F. Steady-state heat flow was deemed to have 
been reached when computed thermal-conductivity values over 
a 3-hr period varied less than 0.001 Btu in. /sq {t hr deg F. 
Thermal-conductivity determinations were also made at at- 
mospheric pressure with gases other than air in the insulation. 
For these tests the chamber was first evacuated to a pressure of 
about 25 microns, and then refilled with the desired gas. Three 
determinations at mean temperatures of approximately 125, 
150 and 175 F (90 F cold surface at all times) were made for 
each gas. A curve of conductivity versus mean temperature was 
drawn (a straight line in éach case over the small temperature 
range investigated), and the conductivity at 150 F mean read 
off. A similar procedure was followed in the tests at 300 F mean. 
The insulations tested were special glass fiber felts without 
binder. These insulations were selected because of their very 
low nonfibrous content. Most of the tests were run on an exper!- 
mental glass fibrous insulation designated here as A, with addi- 
tional measurements carried out on an insulation, designated as 
B, possessing fibers with somewhat different physical properties. 
Table 1 lists the fiber diameter and specific gravity of these 
fibers, and the insulation densities used in these experiments. 


TABLE | INSULATION DATA 


Average 

nber Insulation 
diam D, density, 
microns pef 
0.5 0 
13 
4 
3: 
7 0.0474 


Volume 
fraction 
of Sher, 


Specific 
gravity 
of fiber 


Heat Conpuction By A Gas IN A Fiprous INSULATION 


Kinetic theory shows that the thermal conductivity of a gas is 
proportional to the mean free path of its constituent molecules, 
and to the gas density. A gas is defined as a free gas if the mean 
free path of its molecules is very small compared with the dimen- 
sions of the enclosure. As the gas pressure is lowered, the density 
decreases directly with pressure and the mean free path increase 
Since the thermal conductivity varies 
as the product of gas density and mean free path, this property is 
independent of pressure for a free gas. 

Most fibrous insulations contain air as a free gas at atmos- 
pheric pressure, since the mean free path is small compared with 
the average fiber spacings. At very low pressures the mean frer 
path of a free gas is much larger than the average fiber spacings. 
At such low pressures virtually all molecular paths are termi- 
nated by collisions with fibers, and so the fiber structure imposes 


inversely with pressure. 


an upper limit on the mean free path within the insulation. At 
intermediate pressures both intermolecular and molecule-fiber 
collision processes are taking place, and it will be shown that the 
latter collision mechanism reduces the mean free path of the gas 
molecules, thus reducing the thermal conductivity. Smoluchow- 
ski (2) suggested how this phenomenon might be used in fine 
powders to produce good insulators at moderately low pressures. 
It is assumed here that the fibers lie in planes parallel to the 
mat which they form, but that they randomly 
oriented. It is further assumed that the direction of heat flow is 
perpendicular to the planes in which the fibers lie, this assumption 
being consistent with many practical applications of fibrous in- 
sulations. Also it is assumed that the fibers are uniform in diame- 
ter, and that the insulation is free from nonfibrous solid particles. 
Consider a thin volume element of the insulation of unit cross- 
sectional area and of thickness Az, the z-direction being parallel 
to the temperature gradient and, therefore, perpendicular to the 
axes of the fibers. The volume of fiber in such an element is f Az. 


are otherwise 


HEAT TRANSFER BY GAS CONDUCTION AND RADIATION 


Dividing this fiber volume by the cross-sectional area of a single 
fiber yields the total length of all fibers in the volume element, 
and this length multiplied by the diameter of a single fiber, D, 
gives as the total projected fiber grea 
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Equation [2] expresses the fiber-collision cross section as viewed 
by a gas molecule moving in the direction of heat flow through a 
distance Ar. Since the volume element is of unit cross-sectional 
area, A is just the probability that a gas molecule will suffer a col- 
lision with a fiber in the path interval Ary. This collision proba- 
bility, employed in the formal representation of collision 
probability developed from kinetic theory, yields the mean free 
path for molecule-fiber collisions at very low pressures. 
Kinetic theory of gases gives the following expression for the 
probability that a gas molecule, in a free gas, will collide with 
another molecule before moving a distance x 


(3) 


where the mean free path L, for a given 
perature and pressure. 


as is dependent on tem- 
For air L, is in microns (3) 


L 


Entirely analogous with Equation [3] for a free gas, the following 
expression yields the probability that in a fibrous insulation at 
very low pressure a gas molecule will collide with a fiber before 
moving a distance z 


= [5] 


where L, is the mean free path for such molecule-fiber collisions. 

I-quations [2] and [5] give the same collision probability if we 
set x equal to Ar in Equation [5]. Equating these expressions, 
and expanding the exponential in Equation [5], and retaining 
only first-power terms in Az, yields as the mean free path at very 
low pressures for molecule-fiber collisions 


D 
L, = 0.785 


te 


This quantity is of considerable importance in the theory of both 
air conduction and radiation in a fibrous insulation. L, may be 
considered as an equivalent pore size of a fibrous insulation. It 
ix readily computed from the fiber diameter, the density of the 
insulation, and the specific gravity of the fibers. Table 1 shows 
values of f and L, computed for each of the insulation densities 
used in this investigation. 

The probability that a random gas molecule will travel a dis- 
tance 2 and then strike another molecule is obtained from Equa- 
tions [3] and [5] as it 


~2/L i) (4 


G, = 


- 


where the first two terms in parentheses vield the probability 
that a collision does not occur with either a fiber or another 
molecule in the interval of length z, and the third term gives the 
probability that a collision does occur with another molecule in 
the subsequent infinitesimal distance dz. If we consider the 


| 2.0 
A 2.0 
4 2.0 
B 2.5 
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probability of an intermolecular collision for all values of z, we 
obtain as the mean free path for such collisions 


LL 


+ 
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Kistler (4) obtained this expression with a different mathe- 
matical approach for the mean free path of air molecules in silica 
aerogel, a material in which L, is of the order of magnitude of L, 
even at atmospheric pressure. Kistler employed experimental 
values of thermal conductivity of silica aerogel at low pressures 
to evaluate L, as an effective pore size for this material. 

To evaluate the mean free path for molecule-fiber collisions, 
the kinetic-theory formalism requires merely an interchange of 
L, and L, in Equations [7] and [8], and we get the identical ex- 
pression L, for this mean free path. Thus L is the mean free path 
for all the gas molecules within a fibrous insulation. It is inter- 
esting to note from Equation [8] that L approaches L, at higher 
pressures, where L, is much larger than L,; and L approaches 
L, at low pressures, where L, is much smaller than L,. 

Assuming that the random molecule-fiber collisions do not 
appreciably affect the molecular-velocity distribution (Maxwel- 
lian), then the thermal conductivity of the gas within the insula- 
tion ky is evaluated in the same manner as that of the free gas 
k, except that we employ L as the mean free path in place of L,. 
Thus we obtain 


which for air in a fibrous insulation reduces to the following func- 


tion of pressure, fiber diameter, and volume fraction of fiber, from 
Equations [4] and [6], at a mean temperature of 150 F 


[9] 


__ DP 
0.157 


+ 81 + 0.785 
P f 
The solid curve in Fig. 3 shows experimental values of thermal 
conductivity & versus pressure for the type A insulation at 4.63 
pef density. As the pressure is lowered to a few microns, & ap- 
proaches an asymptotic value of 0.016. This value represents 
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the contribution to the thermal conductivity by radiation and 
solid conduction due to fiber contacts, these mechanisms remain- 
ing essentially invariant with respect to pressure changes. Add- 
ing 0.016 to the theoretical value of k., from Equation [19], and 
dividing the latter by the factor (1 —f) in Equation [1] gives the 
dashed curve in Fig. 3. Ia the pressure range, where L, and L, are 
of comparable magnitude, k rises with increasing pressure. At 
still higher pressures, where L, is very small compared with L,, 
k again becomes independent of pressure since the air enclosed in 
the insulation is essentially free air. It is seen that the k-value of 
the experimental curve exceeds that of the theoretical curve 
throughout the pressure range where air conduction is important, 
and this difference in & is 0.02 at atmfspherie pressure (the dif- 
ference increases appreciably as fiber density decreases, as is 
shown by the &,, values for air in Table 2), Since convection is 
the only mechanism of heat transfer omitted in the theoretical curve, 
the difference in k as bet ween experimental and theoretical values, 
omitting convection considerations in the latter, was employed 
for several gases to measure convection in fibrous insulations. 

Table 2 shows measured thermal conductivity values for the 
various densities of type A fiber insulation with the four gases, 
helium, air, carbon dioxide, and Freon-12. These measurements 
were made mostly at atmospheric pressure, with one set of ex- 
periments on the 1.5-pef insulation being carried out also at 76 
mm pressure. Comparison of these measured k-values with the 
corresponding k,,-value for each of the gases, given in Table 2, 
shows that at atmospheric pressure gas conduction is by far the 
most important mechanism of heat transfer in fibrous insula- 
tions, even in the lowest of the insulation densities employed in 
these experiments. The contribution to the over-all thermal con- 
ductivity by radiation and solid conduction due to fiber contacts 
is given for each insulation density as the low-pressure asymptote 
of the & versus P curve in Fig. 4. Computed values of &,, for 
each gas with the three lower insulation densities are also given 
in Table 2. It is seen that k,, is dependent upon the insulation 
density and the gas enclosed by the insulation. 


TABLE 2 THERMAL CONDUCTIVITY OF TYPE A FIBER 
INSULATION WITH DIFFERENT GASES 
(150 F Mean Temperature, 120 F per Inch Temperature Gradient) 
Insulation Thermal conductivity,* 
density, -—Btu in./hr sq ft deg F—~ 
ked (5,6, 9) ker 
0.158 


Pressure 
Gas mm of Hg 
Helium... 
Helium 

Helium. 

Helium. . 

Air 

Aig. 

Air.. 

Carbon dioxide. .. 
Carbon dioxide 
Carbon dioxide 
Carbon dioxide 


CSCS 


Freon-12.. 


* The difference between the k-values listed and the sum of ked and keo is 
the contribution by radiation and solid conduction 

+ For helium there is a noticeable difference, between fod and ky at 76 mm 
pressure, and even some difference at atmospheric pressure, since the mean 
free path and the thermal conductivity of this gas are large. 


Heat TRANSFER BY RapIATION IN A Fiprovus INSULATION 


The low-pressure asymptotes of the curves in Fig. 4 show that 
heat transfer by radiation is very small for the 4.6-pef insulation 
density, but it becomes appreciable as the density is reduced to 
0.5 pef. Heat transfer by radiation can be treated by consider- 
ing the fibrous insulation as successive plates of fiber perpendicular — 
to the direction of heat flow. The average spacing between the 
plates is L,, since this is the average distance that a photon of the 
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radiation field can move in the direction of heat flow before en- 
countering a fiber. The heat energy received by the mean plane, 
at an absolute temperature 7’,,, from all other planes closer to the 
hot-plate surface can be evaluated from the Stefan-Boltzmann 
radiation law. If a@ is the fraction of incident radiant energy 
absorbed by a single fiber plane (actually, by a single fiber), this 
heat energy is given in consistent units by the following series 

expression 


Qn = > — — a... (11) 
n=l 


Since d/2L,, measured in consistent units, is very large, we may 
extend the upper limit of the series to infinity. If L,/d (At) is 
very small compared with 7’,,, which is the case for most practical 
_ applications of fibrous insulations, the soluiion of Equation |11} 

_ yields as a good approximation with L, and d in consistent units 


L, At 
dat 


Q. = {12} 
a Division of Q,, by the temperature gradient, At/d, and conver- 
sion to our practical units, vields as the apparent thermal con- 
_ ductivity contributed by radiation 
= 2.74 107" 
a’? 
Transmission of infrared radiation in the 5-to-10 micron wave- 
length region by very thin samples of the fibrous insulations used 
in these tests was measured with a Perkin-Elmer infrared spec- 
trometer. The opacity factor, 1/a*, was integrated over the 
spectral distribution of radiant energy (Planck law); and the 
average value of 1 /a? was thus obtained as a function of the mean 
temperature. (The de tails of this analysis are somewhat com- 
a 7 plex, and it is intended to give a complete description in a forth- 
- coming paper.) For the type A insulation, 1/a? was found to be 
5.1 at 150 F and 6.4 at 300 F: and for the B insulation, the cor- 
responding values of 1/a? are 1.9 and 2.5, respectively. 


CorRRELATION OF Turory Wire 


In Fig. 4 experimental and theoretical curves of therma con- 
ductivity & are plotted against air pressure P at 150 F for three 
“densi of type A insulstion. Empirical values for k,, at atmos- 
pheric pressure were taken from Table 2, and it was assumed in 
the theoretical curves that k,, within the insulation varies with 
pressure in the same manner as k,,, since free gas convection and 
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(1 — f) factor in Equation [1] takes into consideration the con- 
tribution by series solid conduction. Solid conduction due to 
fiber contacts was neglected in plotting the theoretical curves. 
It is seen from Fig. 4 that good correlation exists between experi- 
mental k-values and the theoretical considerations of air conduc- 
tion, radiation, and series solid conduction. 

Fig. 5 shows theoretical curves of thermal conductivity versus 
air pressure for the type A insulation at 8.35 pef, and B at 7.40 
pef density, and at 300 F mean. As in Fig. 4, the difference in 

30 


6 


°F 


° 
e 


PRESSURE-MM MERCURY 
Fic. 5 Taeoretica, Curves or Taermat Conpuctivity Versus 
Arr Pressure ror 8.35-Pcr Tyre A Insuration anp 7.40-Pcr 
Tyre B Insucation at 300 F Mean Temperature 


(Heavy dots indicate experimental thermal-conductivity values.) 


experimental k-values between very low pressure and atmos- 
pheric pressure, compared with the theoretical &,.-value for air, 
was used to yield the correction factor for air convection. This 
factor is very small at these higher insulation densities. Two 
experimental thermal-conductivity values on the type B insula- 
tion, at 1 and 10 mm pressure, are seen in Fig. 5 to be in reasona- 
bly good agreement with the predicted values from the theo- 
retical curve. Experimental data at these densities are given in 
Table 3. 


TABLE 3 EXPERIMENTAL THERMAL CONDUCTIVITY AT 
HIGH DENSITIES 
Thermal 
Mean conductivit 
Pressure, temperature, = in h 
deg F dee 


Density, 
pef mm of Hg 


Insulation 
150 
150 


150 
300 
300 
300 
300 


At 150 F inean, the thermal conductivity of the 8.35-pei type 
A insulation at very low pressure agrees wel] with Equation [13], 
the calculated k,,-value being 0.009 compared with the experi- 
mental value of 0.007. Since Equation {13) gives only the heat 
transfer by radiation, this close agreement indicates that, even at 
this higher density, conduction due to contact between fibers is 
negligible. At 150 F mean and atmospheric pressure, type B in- 
sulation possesses a slightly lower thermal conductivity than type 
A, owing to its finer pore size (smaller fiber diameter) and a greater 
opacity to infrared radiation. The effect of the latter factor is 
given greater emphasis in the thermal-conductivity values at 
300 F mean at very low pressures, These values, listed in Table 3, 
show heat transfer by radiation in the type A insulation to be 
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gas conduction are close related. Equations [10] and 
> ez were used to vield theoret values for k.. and k,,, and 


about 6 times greater than that through type B at 300 F mean. 
However, k,, is only a small fraction of the total k at atmospheric 
pressure for both insulations, 


Discussion 


At the present time thermal conductivity of fibrous insula- 
tions with air at atmospheric pressure is of maximum practical 
Fig. 6 is a plot of thermal conductivity at 150 F versus 
density of type A insulation over the density range studied. The 
contributions to the over-all thermal conductivity by air conduc- 


interest 


tion, free convection, radiation, and series solid conduction are 


shown as separate curves in Fig. 6. Series solid conduction con- 
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tributes a percentage of the total thermal conductivity equal to 
the volume fraction of fiber present, and this is rather small over 
the range of densities investigated. Solid conduction due to fiber 
contacts was found to contribute very little to the heat transfer 
in the fibrous insulations studied. It should be noted that these 
insulations did not contain a binder. In an insulation containing 
a binder, the contribution by fiber contacts to the heat transfer 
might be of significant magnitude. The presence of a binder 
might reduce heat transfer by radiation if it serves as an opacify- 
ing agent 

Fig. 4 shows that when L, approaches the magnitude of L,, 
thermal conductivity begins to drop, owing to the decrease in air 
conduction. If L,, the effective pore size, is made sufficiently 
small, thermal conductivity will be reduced even at atmospheric 
pressure. L, can be reduced by decreasing the fiber diameter, 
and by increasing insulation density (to the point where further 
increase of density gives diminishing returns due to increased 
solid conduction). For fibrous insulations used at present, L, is 
much larger than L, at atmospheric pressure 
ble reduction in thermal conductivity could be achieved by using 
a 0.01 micron fiber in a 10-pef insulation (the k-value of the 8.35- 


A very considera- 


sealing a gas of low thermal conductivity within the insulation, or 
by evacuating the insulation system. 

Another method for reducing the thermal conductivity of 
fibrous insulations is to fill the pores with powders of very fine 
particle size. An effective pore size L, for particles of spherical 
shape is easily derived analogous with the derivation of Equation 
(6) for cylindrical fibers. This expression is 

L, = 0.667 
where D is the particle diameter. By choosing a material with 
sufficiently small particle diameter, L; can be made of the order 
of magnitude of L, at atmospheric pressure, and, consequently, 
produce a considerable reduction in heat transfer by air conduc- 
tion. Since such a powder will produce some increase in solid 
conduction, there is an optimum value of f for any given powder. 

Thermal conductivity measurements were made on very fine — 
carbon-black powders. A carbon black with an ultimate par- 
ticle size of 0.010 micron, tested at a density of 4.5 pef, gave a 
k-value of 0.17 at 300 F mean. The thermal conductivity of still 
air (5) at this temperature is 0.25. Another carbon black with 
an ultimate particle size of 0.018 micron showed a k-value of 0.20 
at 8.1 pef density. These values are in good qualitative agree- 
ment with Equation [6] or [14]. A quantitative correlation of 
the experimental results with these equations would require low- 
pressure thermal-conductivity measurements to determine the 
effects of solid conduction and radiation. Such measurements 
have not yet been carried out. Smith and Wilkes (8) measured 
the thermal conductivity of several carbon blacks at lower tem- 
peratures, and also obtained k-values less than that of still air. 

Several investigators have measured thermal conductivity of | 
powders as a function of pressure (4,7). It has been known for 
quite some time that the reduction in gas conduction depends 
upon the effective pore size of the insulation. The effective pore— 
size L, has been derived in this paper in terms of the insulation’ 
density and the diameter of the fibers or particles of the insula- 
tion, and it has been correlated with experimental thermal 
conductivity measurements. The possibility of using fine 
powders to fill the pore spaces and reduce the thermal conduc- 
tivity of insulating materials below that of still air has been con- 
sidered previously; but it has received little more than academic 
interest because of the effect of agglomeration and the difficulty 
in filling the pore spaces of a practical insulation homogenously _ 
(7). However, the results of measurements on carbon blacks and a F 
other materials show that these difficulties are not insurmounta- _ 
ble. re, 
Equation [13] shows the importance of a, the opacity of the 
fiber to infrared radiation, in determining the amount of heat 
transfer by radiation. This factor becomes particularly im-_ 
portant at higher temperatures (300 F and above), where ie 
tion is an appreciable factor in the over-all heat transfer for 
practical insulation densities. In fact, it is the radiation com-— 
ponent of heat transfer that accounts almost entirely for the dif-— 
ference in k as between the type A and B insulations. Most com-— 
mon glasses undergo a sharp transition from almost total trans-_ 
parency to total opacity in the 5 to 10-micron infrared region, 
depending upon the chemical composition and glass film thick- — 
ness, Since this is the important region of the radiation spec-_ 
trum for the temperature range we are considering, the glass” 
fibers may be opacified by variations in chemical composition — 
that will shift to a lower wave length the transition from trans- 
parency to opacity. 

Further experimental and theoretical work is needed to com-_ 


pef insulation used in this investigation could be reduced more 
than 50 per cent). Thermal conductivity also can be reduced by 


tions over a wide temperature range. The use of the infrared = 


spectrometer in radiation studies is very promising. A more re- 
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fined theory of gas conduction within a fibrous insulation can be 
developed, taking into detailed consideration the contribution by 
nonviscous gas flow at low pressures and integrating over the fiber 
diameter distribution. However, the theory of gas conduction de- 
veloped here is sufficiently accurate or practical considerations. 
Further work along these lines is now being carried out for fibrous, 
as well as nonfibrous, thermal insulations. 
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hk. A. Auvevt.! The relative importances of conduction, con- 

vection, and radiation and of the structure of insulating materials 

on the “conductivity” & finally obtained, has intrigued the writer 

The first serious approach to the subject was 


Max Jakob, John Wiley 


& Sons, Inc., 


for many vears. 


made by him in 1941,° but on account of war conditions the prob- — 


lem had to be shelved for several years. Another paper was 
read on the subject® recently, and the comparison between the 
various results obtained on glass wool may be of some interest. 
The glass wool used by the authors had an average fiber diame- 
ter of 2.58 microns, while that used in the earlier Toronto ex- 
periments (1941) had the following dimensions: mode 5.5 microns; 
median 7.8 microns. The density of packing in each case was 
approximately 1.5 pef, and the values of k were, in the authors’ 
experiments, 0.29 and in the Toronto experiments, 0.27. It would 
appear, therefore, that the difference in average fiber diameter did 
not affect the results unduly. It should be noted, also, that the 
limits of fiber diameter in the Toronto experiments were from 4.2 
to 17.2 microns, but no similar analysis is given by the authors for 
the material tested by them. With such a wide variation it would 
appear that the term “average fiber size’’ does not mean very 


* Professor and Head of the Department of Mechanical Engineer- 
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“Properties of Heat Insulating Materials,"’ by E. A. Allcut, 
gineering Journal, vol. 24, 1941, pp. 514-520. 

*“An Analysis of Heat Transfer Through Thermal Insulating 
Materiais,"’ General Discussion on Heat Transfer, London, England, 
September, 1951. 
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HEAT TRANSFER BY GAS CONDUCTION AND RADIATION 


much, It is interesting also to note that in the 1941 Toronto ex- 
periments the solid matter occupied | per cent of the total volume, 
as compared with 1.2 per cent in the authors’ experiments. 
These figures, therefore, would seem to be fairly representative 
for the material in question, 

A comparison between the Toronto tests (1950) and those de- 
scribed by the authors in connection with radiation is also of in- 
terest. The authors state that “heat transfer by radiation is very 
small for the 4.6 pef insulation density but becomes appreciable 
as the density is reduced to 0.5 pef.”". This may be compared with 
the statement made in the Toronto paper,® “Also, in the case of 
blankets of glass wool exceeding 2.0 Ib per cu ft in density, the 
radiation effect appears to be negligible. . . . At 1.25 Ib density 
the loss is about 11 per cent and at 1.75 lb it is approximately 2 
per cent.” 

The agreement between the two sets of results on the loss of 
of heat by convection is also rather remarkable, particularly when 
it is realized that the authors’ tests were made on circular speci- 
mens 10 in. in diam, placed horizontally, with a mean temperature 
of 150 F, and that the Toronto tests were made on specimens 8 in. 
square with a mean temperature of 90 F, with the specimen 
in the vertical position. The thickness of the specimens in both 
cases was 1 in., but different methods were used for estimating the 
influence of convection. Fig. 7, herewith, is a reproduction of Fig. 
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8 of the Toronto paper*® and, superimposed on the original curve, 
are points taken from the authors’ Table 2. These are indicated 
by crosses and are connected by a dotted curve. The difference 
between them is practically negligible. In both sets of results, 
with an atmospheric pressure of 760 mm Hg and a material den- 
sity of 1.5 pef, convection acccounted for 11 to 12 per cent of the 
total heat transmitted. 

The influence on the results, of using different gases in place of 
air, to fill the voids in the material (Table 2 of the paper) is very 
interesting. This technique could be carried further advantage- 
ously. It must be realized, however, that in both sets of experi- 
ments the results obtained apply only to small and compara- 
tively thin specimens. The next step evidently is to find out what 
happens when large and thick specimens are employed. The 
difficulties of applying similar techniques in these circumstances 
are obvious. It is somewhat surprising that the authors were able 
to maintain a vacuum of 1 micron of mercury in this apparatus. 
The writer was unable to approach this figure in his own experi- 
ments on account of the difficulty of maintaining tight joints at 
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the points where the liquid and wiring connections passed through 
the walls of the vacuum chamber, 


©. B. Brapiey.’ This paper is the culmination of a great deal 
of intensive work by the two authors, Also it is the realization of 
plans made by the Research Center more than 10 years ago. As 
long ago as 1947, in discussing a paper on low-temperature ther- 
mal-eonductivity tests before the American Society of Refrig- 
eration Engineers, the writer mentioned our plans for studying the 
influence of the various modes of heat transfer on the apparent 
conductivity of insulating materials, Pressure of other duties 
and the difficulty of finding qualified men to do the work delayed 
the project until we were able to permit the authors to devote a 
considerable amount of their time to it. We of Johns-Manville 
are proud of the job they have done. 

The authors have not discussed to any great extent the identity 
of the glass-wool samples used in the investigation. Jt should be 
pointed out that these were not commercia) insulations, but ex- 
perimental wools, prepared by our Minera] Woo] Development 
Section and having the physical characteristics which made them 
suitable for this use. , 

In the writer's opinion the result of this research, which will be 
of greatest interest to the practical insulation man, is the pre- 
dominant influence of gas conduction on the conductivity of 
fibrous and porous insulations. The reduction of thermal] con- 
ductivity by making the mean free path of the gas molecules of 
the order of magnitude of the confining spaces is not new as the 
authors have indicated ; * nevertheless, most people concerned with 
thermal] insulations have assumed that gas conduction was negli- 
gible and that solid conduction, convection, and radiation were the 
predominant modes of heat flow. Bringing the true function of 
gus conduction to the attention of insulation people is, in the 
writer's opinion, one of the most useful accomplishments of this 


paper. 


The guarded hot-plate method for meas- 
conductivity of in- 
never, however, to 


Hyman Marcus.’ 
uring over-all conductance or apparent 
-ulating felts has been used for some time 
distinguish between the effects of gas pressure, bulk density, and 
fiber diameter, The influence of these variables on conduction, 
convection, and radiation while also known for seme time, has 
been known only qualitatively. Now the quantitative treatment 
hy the authors affords a means of varying intelligently such prop- 
erties as bulk density and fiber diameter to achieve a given heat- 
transfer coefficient with greater expectation for success, This 
should be of prime interest to insulation manufacturers, 

It has been demonstrated that reduction of the over-all con- 
ductance ean be achieved by reducing L,, the mean free path for 
molecule-fiber collision and that this, in turn, can be effeeted by 
decreasing simultaneously the fiber diameter and increasing the 
the insulation density, It might be pointed out that LZ, can be re- 

’ Research Physicist, Physies Section, Johns-Manville Research 
Center, Manville, N. J. Mem, ASME 
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duced by decreasing the fiber diameter without increasing the in- 
sulation density. Reduction of the fiber diameter and increasing 
the number of fibers will lower L, without necessarily raising the 
bulk density. Of course, increasing the number of fibers to the 
point where the density is increased, substantially cuts down the 
value of L,. 

The pore size or volume of voids is particularly important at 
elevated temperatures where radiation streaming becomes a 
significant factor. For a given opacity the apparent conduc- 
tivity contributed by radiation is directly proportional to L,. It 
becomes important, then, to a manufacturer of high-temperature 
insulation, to determine just what the optimum pore size is from 
the standpoint of radiation versus conduction and convection, 
and the relation of all these to weight, density, and economy. 

The authors are to be commended for their fine work, but one 
statement in their paper might well bear further emphasis. They 
mention the need for additional] study. Operating temperatures 
for various types and pieces of equipment are being pushed up- 
ward continually. This has been made possible by the develop- 
ment of new, refractory, lightweight felts embodying glass and 
other ceramic fibers, The imposition of 1000 deg F temperature 
differentials across '/;-in. layers of insulation is becoming com- 
monplace; however, the choice of insulation densities and weights 
is still almost altogether arbitrary. This endangers the choice of 
safety factors to the point where they can become entirely mean- 
ingless and cause a designer to wonder whether he is being ridicu- 
Jously cautious or designing for dangerously marginal conditions. 
The authors have explained how real insulation behaves at con- 
ventional temperatures, It is urgent that this same type of 
approach be applied to the more extreme temperatures encoup- 
tered today. 


AuTHORS’ CLOSURE 
Professor Alleut has presented an interesting comparison be- 
The 


observed excellent agreement, in so far as convection is concerned, 
is likely fortuitous, 


tween the tests made at Toronto and our experiments. 


In our experiments heat loss by air convec- 
tion was taken as the difference between the observed total heat 
loss and the calculated heat loss due to the other mechanisms of 
heat transfer. This quantity was generally quite small, so that 
a slight error in the observed total conductivity would greatly 
affect the computed air convection. The average fiber diameter 
used Was an arithmetic mean based on 100 microscopic measure- 
ments. As Professor Allcut has pointed out, “average fiber 
size’ is not a very significant term for an insulation possessing a 
very wide dispersion of fiber diameters. For such insulations 
the effective fiber diameter D is the ratio of the mean square diame- 
ter to the mean diameter. This effective diameter is always 
larger than the arithmetic mean diameter and gives a truer 
value of the effective pore size L,. 

Mr. Mareus has emphasized the need for further work in ana- 
lyzing the mechanisms of heat transfer at high temperature, 
particularly radiation. We are currently carrying on the infrared 
transmission measurements on various materials at shorter 
wave lengths, which correspond with higher temperatures. 


f 


By W. M. ROHSENOW 


A method based on a logical explanation of the mecha- 
nism of heat transfer associated with the boiling process is 
presented for ccrrelating heat-transfer data for nucleate 
boiling of liquids for the case of pool boiling. The sug- 


gested relation is 
q/A (q/A)o \*” on) 
k, 


of, 


where the various fluid properties are evaluated at the 
saturation temperature corresponding to the local pres- 
sure and Cy is a function of the particular heating surface- 
fluid combination. 


NOMENCLATURE 
The following nomenclature is used in the paper: 
a, Cy, = coefficients in Equations [3], [4], 
Ce 
Ce 


5}, 191, (71, 
respectively 

coefficient of Equation [14], which depends 
upon nature of heating surface-fluid com- 
bination 

diameter of bubble as it leaves heating surface, 
ft 

mass velocity of bubbles at their departure from 
heating surface, Iba /hr ft* 

bubble Nusselt number, defined by Equations 

[8] and [9] 

Prandtl number = 

bubble Reynolds number, defined by Equations 
{1} and [7] 

heating surface temperature 
temperature, deg F 

specific heat of saturated liquid, Btu /IbaF 

frequency of bubble formation, | /hr 

acceleration of gravity 

conversion factor, 4.17 
(hr*) (pounds force) 

latent heat of evaporation, Btu /lba 

q/A T,, film coefficient of heat transfer, 
Btu /hr ft? deg F 

thermal conductivity 
Btu/hr ft deg F 

number of points of origin of bubble columns per 
sq ft of heating surface 

heat-transfer rate to bubble per unit heating 
surface area while bubble remains attached 
to surface, Btu/hr ft? 

heat-transfer rate per unit heating surface area, 
Btu /hr ft? 

t Associate Professor of Mechanical Engineering, Massachusetts 
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Annual Meeting, Atlantic City, N. J., November 25-30, 1951, of 
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Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, Aug- 
ust 29,1951. Paper No. 51—A-110. 


minus saturation 


10° (Ib mass) (ft) /- 


of saturated liquid, 


CAMBRIDGE, 


= os 


bubble contact angle, defined in Fig. 3 

surface tension of liquid-vapor interface, by /ft 
surface tension of vapor-solid interface, Ib; /ft 
surface tension of solid-liquid interface, Uo /ft 
density of saturated liquid Iba, /ft* 

density of saturated vapor 

viscosity of saturated liquid, Iba ‘ft hr 


MASS. 


INTRODUCTION 


Heat-transfer data for foreed-convection flow without boil- 
ing are correlated by the normal Nusselt number, Reynolds num- 
ber based on pipe diameter, and Prandtl number. For pool 
boiling with essentially saturated liquids, Jakob (1)* shows that 
the heat transfer from the surface is for the most part transferred 
directly to the liquid, the increased heat-transfer rate associated 


swith boiling being accounted for by the resulting agitation of 


the fluid by motion of the liquid flowing behind the wake of the 
bubble departing from the surface. Rohsenow and Clark (2) 
showed a similar result in studying motion pictures by McAdams 
(3) for subcooled liquids flowing in forced convection with sur- 
face boiling but no net generation of vapor. Gunther and Kreith 
(4) and Gunther (5) presented photographic evidence that in 
highly subcooled liquids in pool boiling and in forced convection 
with surface boiling, the bubbles could form at the surface, grow, 
and then collapse while remaining attached to the surface 
Nevertheless, the increased heat transfer in boiling was attributed 
to the agitation of the liquid by the bubble motion. 

As the rate of heat transfer is increased and bubble agitation 
becomes more vigorous, the effect of forced-convection fluid ve- 
locity and hence Reynolds number based on pipe diameter be- 
comes less and less. This effect is shown by the data of Rohsenow 
and Clark (6) reproduced here in Figs. 1 and 2. These data are 
representative of data of others for surface boiling with forced 
convection. In these figures the curves for various fluid veloci- 
ties are seen to merge into one curve, showing that as the boiling 
becomes more vigorous, the effect of fluid velocity disappears 
It seems reasonable then to seek a correlation of the heat-transfer 
data by means of a bubble Revnolds number based on bubble 
diameter and velocity. 

For purposes of analysis one can visualize a number of streams 
of bubbles receding from the heating surface and a bubble Reyvn- 
olds number defined by 


based on the mass velocity of the bubbles and their diameter as 
they leave the surface. This quantity is a measure of the local 
agitation of the fluid at the heating surface and hence is analogous 
to the ordinary pipe Reynolds number which is a measure of the 
turbulence in the stream. 

To evaluate the bubble Reynolds number, characteristics of 
bubbles in pool boiling will be employed since there is more de- 
tailed visual evidence available for this case than there is for 
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foreed-convection surface boiling. Results of these bubble char- 
acteristics are compiled by Jakob (1). The heat transfer to the 
bubbles while attached to the surface can be written with good 


approximation (2) as 


( 


Fritz (8) presents a relation for the diameter of the bubble as it 
leaves the surface, which may be written in the form 


24,0 

p,) 
where 9 is the angle of contact of the-bubble as shown in Fig, 3 
Jakob (9%) has shown for vapor bubbles of water and of carbon 
tetrachloride a relation exists between the frequency of bubble 
formation at a favored point on the surface and the diameter of 
the bubble when it leaves the surface 
proximated by the equation 


q 


) P * pes 
=h 
A 6 


b 


dD, 


{3} 


This relation can be ap- 


f D, = Cra, const 


Without serious error 

Inspection of the terms of Equation [2] in the light of Nqua- 
tions [3] and [4] shows that (q/4)s is proportional to n fora given 
operating pressure, since all other quantities are functions of 
saturation pressure alone or are constant. Experiments have 
shown that bubbles form at selective points on a surface, form- 
dakob (7) found that the 
number of columns or points of origin of bubbles was very nearly 
directly proportional to the rate of heat transfer from the heat- 
ing surtace for a given operating pressure 


(q 


ing swaving columns of bubbles 


Therefore q 
1), and can be written as 


4 


where Cy may be a function of pressure. 
The mass velocity of the vapor bubbles leaving the surface may 
be written as 
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G, 

equations [3], [5], and [6] may be substituted into Equation 

[1] to obtain an expression for the bubble Reynolds number as 

= we 


where D,, G,, and n have been eliminated, and = 4/2 
The term p; p.)| is dimensionless and 
3 has as units radians of angle, which are dimensionless. 
In applying this reasoning to attempt to correlate heat-transfer 
data in the boiling regime it would seem that a bubble Nusselt 
number would be useful, defined as 


Nrew = : 
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This quantity has been defined and utilized by Jakob (1, 16). 


Substituting Equation [3} into Equation S! results in 


ky 


Here, too, the 


= €,8 {9] 


where 
is dimensionless, 


term (h/ky) [goo /g(p, — 
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ROHSENOW-—METHOD OF CORRELATING HEAT-TRANSFER DATA, SURFACE BOILING OF LIQUIDS 


‘Since the postulated mechanism of heat transfer indicates that 
most of the heat transfer goes directly from the wall to the liquid, 
and since the Prandt! number is significant in relations for heat 
_ transfer to a nonboiling fluid, it probably should be included in the 
= for heat transfer to a boiling fluid. Then the corre- 
lation suggested is 


Nwu.s = 110) 


where ky, py, py are all evaluated at the saturation tem- 


corresponding to the local pressure. The foregoing 


perature 

aa applies to the region of vigorous boiling where the fluid 
velocity or pipe Reynolds number does not influence the heat- 
transfer rate 


It would also apply to the case of pool boiling 
— In the ease of surface boiling with forced convection and not very 
Vigorous boiling where the fluid velocity does influence the heat- 
transfer rate, some form of a pipe Reynolds number might be 
— added to the right side of Equation {10}. 
that the ordinary pipe Reynolds number would be significant 
because the motion of the bubbles might tend te destroy the nor- 
mal relationship between viscous and inertia forces. 
Contact Angle 


There is sore doubt 


The bubble contact angle B, shown in Fig. 3, 


is determined by the values of og, oi, and Ova; hence it is deter- 
mined both by the kind of fluid and the kind of heating surface. 
— Allof the other properties in the expressions for bubble Reynolds 


number and bubble Nusselt numbers are functions of the fluid 
alone, The angle 8 from Fig. 3 is seen to be related to the vari- 
ous surface tensions by the relation 
0. o 
cos 3 = 


: > For lack of available information the effect of pressure on 8 was 


“Se, 


disregarded in applying Equation [10] to existing data. This 
assumption is equivalent to assuming that the effect of pressure 


- wok on the values of on, Ow, and o,, of Fig. 3 is such that the angle 


8 remains independent of pressure. In applying Equation [10] 
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to the correlation of experimental data the terms Cp, C,, and 8 
will be omitted. 

Effect of Laquid Subcooling. 
gion of interest is the case in which the liquid temperature is es- 
sentially at the saturation temperature. However, in forced 
convection with surface boiling the liquid temperature may be 
greatly subcooled. 


In pool beiling the primary re- 


It has been shown by many experimenters 
that the effeet of subcooling of the liquid may be eliminated if 
the data are plotted as q/A versus 7, as shown in Figs. 1 and 2. 
Hence, defining the film coefficient in the bubble Nusselt number 
ash, = (q/A) T, eliminates the necessity of including liquid 
subcooling a* « variable in a correlation. 


Ornen Forms oF Prorosepy Equation 


Since both the bubble Reynolds number and the bubble Nus- 
selt number embody a (q/A )-term, it will be desirable to employ 
the term 
aT, 
ht, 


Naren 
= [12] 
This dimensionless group is the ratio of liquid superheat enthalpy 
at the surface temperature to the latent enthalpy of evaporation. 
Equation |10} may be replaced by 


- 


Pool Boiling. The proposed correlation Equation [13] has been 
applied to the data of various experimenters. It will be of in- 
terest to observe in some detail its application to the data of Ad- 
doms (10) for pool boiling of water because of the wide range of 
14.7 In these experi- 
ments, degassed distilled water was boiled by an electrically 
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972 
heated horizontal platinum wire. Data for a wire diameter of 
0.024 in. are shown in Fig. 4(a). A plot of 


(9.0 — versus /hig 


is shown in Fig. 4(6). On this piot the position of the lines rises 
to a maximum with pressure and then falls again. At the pres- 
sure corresponding to the highest line on this plot, the Prandtl 
number is very nearly at its minimum value according to the data 
tabulated by Wellman (11). Values of surface tension tor water 
were obtained from the International Critical Tables and were 
found at the higher temperatures by interpolating linearly between 
the value at 100 C and a value of zero at the critical temperature. 
Hence this effect appears to be a Prandtl-number effect, which was 
anticipated in the analysis. A cross-plot of ¢,7',/ha versus N pr 
for constant values of bubble Reynolds number shows the slope 
of the line on a log-log plot to be approximately 1.7; hence 
the final correlation as shown in Fig. 4(¢) results in an equation 
of the form 


[14] 


where the value of Cy is 0.018 with a spread of data of approxi- 
mately +20 per cent. 

This process was repeated for some of the data of Cichelli and 
Bonilla (12) who boiled various fluids on a polished chromium- 
plated, horizontal plate which was electrically heated. The 
results of the proposed correlation are shown in Figs. 5 through 
7. In each case the resulting equations are of the form of Equa- 
tion [14]. Only the data for single component fluids on clean 
surfaces were correlated 

The data of Cryder and Finalborgo (15) are shown correlated 
in Fig. 8. In every case the correlation Equation [14] was ap- 
plied and the resulting values of Cw are listed in Table 1. 

Forced Convection With Surface Boiling. 
effect of forced-convection flow on the boiling process, plots of 


In order to show the 


Nae» versus hig)N 


TABLE 1 


Reference 
Addoms (10) 
Cichelli-Bonilla (12) 
Cichelli-Bonilla (12). . 
Cichelli-Bonilla (12) 
Cryder-Finalborgo 


VALUES OF Cw 


Fluid-heating surface 
Water —platinum 
Benzene —chromium 
Ethyl! aleohol —chromium 
n-pentane-chromium 

fater-brass 


were made for the surface-boiling data of Rohsenow and Clark 
(6, 13) for degassed distilled water flowing in a vertical nickel 
tube 0.180 in. diam 9.4 in. long, and for the data of Kreith and 
Summerfield (14) for degassed distilled water flowing in a stain- 
less-steel tube 0.587 in. diam 17.5 in. long 
these plots, Figs. 9 and 10, is the correlation line for the pooling 
boiling data for water from Fig. 4(c : 
Lines of constant forced-convection velocity and pressure are — 
seen to merge toward a single line which probably would be paral-_ 
lel to this line for pool boiling from Fig. 4(¢c). When the boiling — 
becomes more vigorous at the higher values of 7,, the effect of 
forced-convection fluid velocity apparently disappears. In this , 
region the motion of the bubbles seems to control the mechanism — 


Superimposed on 


of heat transfer due to fluid agitation 


EVALUATION OF FLUID Prorerties 


In these correlations the fluid properties have been evaluated 
as properties of liquid at the saturation temperature. This was 
done both for the case of pool boiling with saturated liquid amd 
for the case of surface boiling in forced convection of a subcooled 
liquid. In each case the liquid near the heating surface is very 
nearly at saturation temperature or possibly even at a metastable 
superheated temperature. Properties of the liquid were used 
for the ¢, w, and k-values in the bubble Nusselt number, the 
Prandt! number, and the new term c7',/hy because the heat 
transfer was found to occur primarily by transfer of heat directly 
from the heating surface to the liquid. The value of uw of the 
bubble Reynolds number was evaluated as a property of liquid 
because viscous forces acting to retard the motion of the bubble 
are those of the liquid 
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Discussion OF RESULTS 


The results shown in Figs. 4 through 10 are essentially plots of 
4 A versus T, each multiplied by a judicious, combination 
of fluid properties thus effecting the correlation. It is readily 
observed that g/A rises rapidly with small changes in T7,. 
Further, the magnitude of 7, is rather small, being of the order 
of 50 deg F for water at atmospheric pressure and of the order 
' of 5 or 10 deg F for water at 2000 psia. In all. of the data 
- correlated here the energy was supplied by electricity; hence 
7 ; T, became the dependent variable in each case. It is difficult to 
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measure the heating-surface temperature directly when electric 
heating is employed. It must be calculated from other meas- 
ured values such as outer-tube surface temperature or resistance 
of the heating wire. The value of 7, is obtained by subtracting 
the saturation temperature from this determined heating-surface 
temperature. Since the magnitude of 7, is small, any errors in 
the determined value of heating-surface temperature will be 
greatly magnified in the resulting value of T,. This can pos- 
sibly account for some of the difference in the value of Cy of Equa- 
tion [14] as obtained by various experimenters. 

It is, of course, essential in obtaining a correlation of data that 
the properties of the fluid employed be correct. Any error in 
the values for these properties is directly reflected in the data cor- 
relation. 

Probably the most significant cause of the difference in the 
values of Cy is the result of omitting, for lack of currently availa- 
ble information, the term § from the bubble Reynolds number 
and the bubble Nusselt number in arriving at the correlation as 
applied. The effect of this is to cause Cy to be a function of 8 
which is determined by the character of and the kind of heating 
surface and by the properties of the fluid as shown by Equation 
[11]. There is then good reason to expect a different value of C 
to result for every combination of kind of surface and kind of 
fluid. Additional! information regarding the values of 8 for vari- 
ous combinations of surfaces and fluids should clarify this matter 
and produce a valid correlation for all such combinations. 

In arriving at Equation [5], and hence Equations [7] and [9], 
the expressions for bubble Reynolds number and bubble Nusselt 
number, it was assumed that 8 did not vary with pressure for a 
particular combination of fluid and heating surface. This as- 
sumption may account for some of the small spread of the final 
correlation for each surface-fluid combination. The assumption 
appears to be fairly good, nevertheless, since the data for a par- 
ticular fluid-heating surface combination are correlated within 
about +20 per cent by Equation [14]. 

It is not suggested that the exponents 0.33 and 1.7 of Equation 
[14] are the true values nor that the form of Equation [14] is the 
best one. Rather it is suggested that the dimensionless groups 
of Equation [14] are significant in correlation boiling heat-trans- 
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fer data J Much* more data were correlated than are presented 
here. Only the data for single component fluids on clean sur- 
faces are presented here. They seemed to be correlated quite 
adequately by Equation [14] with the exponents of 0.33 and 
1.7. The 0.33 exponent of the bubble Reynolds number appeared 
to be adequate’ for most of the data whether the heating surface 
was clean or not, but the 1.7 exponent appeared to be valid only 
for clean surfaces. With dirty surfaces the value of this expo- 
nent Was quite erratic, varying between 0.8 and 2.0. 

For purposes of comparison, the correlation Equation [14] may 
be rewritten in the form 


‘) 4,0 
Ca 


which may be compared with the nonboiling foreed-convection 
expression 

Nwu = C2 {16} 
where m is in the range of 0.5 to 0.7 when the flow area varies 
along the direction of flow, e.g., for flow across tubes, around 
spheres or cylinders, or across interrupted fins, 


CoNcLUSIONS 


Data for pool boiling of a liquid on a clean surface can be cor- 
related by an equation of the form 
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Further experimental work is needed to study the variation of 
bubble contact angle 8 and coefficient Cu with pressure and with 
type of heating surface-fluid combination. 

Further experimental work is needed to study the validity of 
Equations [3], [4], and [5] which were used in obtaining the 
terms (¢7,/hig), bubble Reynolds number and bubble Nusselt 
number. 
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W. Daskin.? The writer is interested in the effect of various 
surface-active agents on the contact angle, 8. Has the author 
attempted to correlate data on boiling in the presence of such 
agents? 


Discussion 


M. Jaxos.‘ In 1935 the writer, in co-operation with W 
Linke; introduced a Nusselt number (Nwu) for the heat trans- 
fer from a heating surface to boiling liquid with the diameter of 
the bubble, when breaking from the surface in approximately 
spherical shape, as characteristic length. We represented the 
results of our experiments on vigorous pool boiling by an equa- 
tion which the writer recently converted to the form 


(Nwuls = = 


where 


W = is a function, C and n are empirical constants (C = 30, 
n = 0.8) 

velocity of vapor leaving free pool surface 

velocity of gravitational center of bubble in formation at, 
and just above, heating surface*® 


The author adds a power function of the Prandt! number as a 
factor on the right side of the equation, as Bonilla and Perry’ had 
done before. He further replaces our ratio,* v,/v,, by a Reynolds 

2 Instructor in Mechanical Engineering, The Johns Hopkins Uni- 
versity, Baltimore,Md. Jun. ASME. 

« Research Professor of Mechanical Engineering. Illinois Institute 
of Technology. Chicago, Tl. Mem. ASME. 

“Der Warmedbergang beim Verdampfen von Fldssigkeiten an 
senkrechten und waagerechten Flichen.” by M. Jakob and W. 
Linke, Physikalische Zeitschrift, vol. 36, 1935, pp. 267-280 

* Considering that the frequency f of bubble formation included 
relaxation intervals almost equal to the formation time, it was as 
though the bubble centers were rising by a height equal to the break- 
ing-off diameter in the time 1 /f. 
7“Heat Transmission to Boiling Binary Liquid Mixtures.” by 
C. F. Bonilla and C. W. Perry, Trans. AIChE, vol. 37, 1941, pp 
685-705. 

* This ratio was not introduced from reasons of dimensional analy- 
sis; it was rather obtained by some physical considerations 
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number which is also based on the bubble diameter as character- 
istic length. No doubt this is a novel and promising step, which 
takes care of the fact that vehement liquid motion occurs around 
the bubble in the formation and break-off process. The writer 
is gratified to see that in this new concept the coefficient of heat 
transfer retains approximately the relationship to @ which we 
had found. (It is now proportional to 1 Wo compared to our 
Vv 

While Figs. 4 to 10, inclusive, of the paper seem to indicate 
that the author is on the correct path, he is well aware of the 
fact that much remains to be done before a perfectly satisfactory 
semitheoretical representation of the process of vigorous boiling 
is obtained. He mentions different items missing or questiona- 
ble; a few more may be added. 

It is surprising that in Equation [15] the —0.7th power of the 
Prandt] number occurs instead of about the +0.3th power. 
Since the variation of ¢,/k, with temperature is small compared 
to that of the viscosity, a change to (Np,)!* might be compen- 
sated by changing the constant factor to k,/cu,Cw by using an 
average fixed value of k,/ea, and by further adding a factor 
Where is a reference dynamic viscosity, for instance, 
that of saturated liquid at atmospheric pressure, and y, is the 
dynamic viscosity of the liquid under the conditions of oper- 
ation. This would correspond to the modification of the writer's 
original equation by adding the kinematic-viseosity ratio », 
», as a factor which was suggested® in order to take care to some 
extent of the influence of pressure.'* It may be mentioned that 
Bonilla and Perry’ accepted this suggestion. 

Another item which seems to need further experimentation is 
the assumed proportionality of q/A and (¢/A)y. The author 
used as basis for this assumption some data which the writer 
published in 1941 and which go back to earlier experiments of 
Jakob and Linke"! We found indeed almost proportionality in 
the investigated range from about 3000 to 18,500 Btu hr~'! ft~?, 
but we did not claim that this holds up to the order of 100,000 
Btu hr~' ft~* and more. While in our experiments at least about 
1.5 sq in. of cross-sectional area were available for each bubble 
column as an average, less than 0.3 sq in. would be available at 
100,000 Btu hr=' ft~*. The influence of convection under 
such crowded conditions and, therefore, the heat transfer on the 
bubbles rising in the column, are difficult to predict. It may be 
found necessary to introduce a parameter which takes care of this 
part of the heat transfer, as Jakob and Linke found necessary in 
their analysis. 

For boiling in subcooled liquid the proportionality may be 
more closely approached, because here the heat transfer just 
above the heating surface is the essential thing while the bubbles 
vanish in rising above this zone. It remains to be seen whether 
in such vehement boiling the equations derived for the bubble 
in formation are still valid. The author's plots for forced-con- 
vection surface boiling are promising in this respect. 


R. H. Sapersky."? Correlations by the use of judiciously 
selected Reynolds and Prandtl numbers also have been con- 
sidered at this laboratory. The correlation that the author 
proposes is one relating the heat-transfer rate to the tempera- 


* “The Influence of Pressure on Heat Transfer in Evaporation,” 
by M. Jakob. Proceedings of the Sth International Congress for 
Applied Mechanics, 1938. p. 561 

If the liquid densities were exactly the same at the reference 
pressure and at the pressure under consideration, then the relation 
= wt would hold exactly. 

“Der Wirmetbergang von einer waagerechten Platte an 
dendes Wasser,” by M. Jakob and W. Linke, Forschung auf dem 
Gebiete dea Ingenivurwesens, vol. 4, 1933, pp. 75-81 

2 Assistant Professor of Mechanical Engineering, California Insti- 
tute of Technology. Pasadena, Calif. Jun ASME. 


4 
ma 
¥ 
4 
- - 
4 
} 
4 
e, 
° 
4 
| 
an 
| 


TRANSACTIONS 


ture difference T,, in a region between incipient boiling and the 
so-called “burnout” point (transition to film boiling). The burn- 
out point as such is not indicated by the correlation. In that 
region, however, the heat transfer changes extremely rapidly 
with changes in 7, or in other words, the wall temperature never 
exceeds the boiling temperature of the fluid by a large margin. 
The curve relating beat transfer to the temperature difference 
7’, i» therefore very steep (see e.g., author’s Figs. land 4). This 
fact makes it difficult to prove the validity of the correlation by 
experimental results because even if the correlation were in error 
the experinfental points must be expected to cluster reasonably 
well about the theoretical curve. Nevertheless, there ix some 
lack of correlation among the various liquids considered, which 
the author ascribes to differences in bubble contact angle, and 
there is also some scatter for each individual liquid. Some doubt 
seeme to remain, therefore, as to whether the theory has been 
eubetantiated adequately or not. 

From an engineering point of view there is also the following 
to be considered: In the usual convection problem a correlation 
between heat transfer and temperature difference is al] that is 
required. In the case of boiling heat transfer, however, it was 
already pointed out that the wall temperature will always re- 
main close to the boiling point of the fluid. For design purposes 
it is often not necessary to predict the wall temperature any closer 
than that. A knowledge of the burnout point is, 
essential because it determines the design limits. The writer 
believes, therefore, that a correlation for the burnout points would 


be of particular importance. 


however, 


Avrnor’s CLOSURE 


We have no information on the effect of additives on the bubble 
contact angle, as requested by Mr. Daskin. This phase of in- 
vestigation is planned for the future. 

The discussion presented by Dr 
it co-ordinates the present paper and much of the past work 
with which he has been associated so intimately. The present 
correlation indeed hinges upon Equations [3| and [4] of the paper 
and the statement that g/A is proportional to (¢/A),. Each of 
these relations, as well as the concept of a bubble Nusselt number, 
is taken directly from some of Dr. Jakob’s earlier work. 

The purpose in the present work is not to arrive at a correlation 
of heat-transfer data as such. The author has attempted to 
describe the mechanism of boiling and logically has arrived at 
dimensionless groups to be included. Because of this he has 
attempted to avoid the use of ratios of the values of properties 
at the operating condition to values at some reference condition 


Jakob is most welcome since 


as suggested by Dr. Jakob. Such quantities introduced into 


OF THE ASME AUGUST, 1952 


the analysis often can force a correlation but add little to the 
explanation of the processes. 

In order for the exponent of the Prandt! number in Equation 
[15] to be '/; instead of —0.7, the exponent of the Prandtl number 
in the abscissa in Figs. 4 through 8 of the paper would have to be 
0.667. Recently the detailed plots required to construct Figs. 
4 through 8 have been reviewed and magnitude of this 1.7 ex- 
ponent has been found actually to cover a range of about 1.3 
to 1.8 with most of the data resulting in an exponent in the range 
of 1.6to 18. 

Professor Sabersky raises some questions regarding the de- 
gree of correlation obtainable in this range of boiling where the 
temperature differences are low. If one compares the first graph 
with the third graph in Fig. 4, the author believes he will conclude 
that the effect of pressure on boiling in a particular apparatus is 
fairly well correlated. This is shown also in Figs. 5 through 8, 
each figure being for a particular surface-fluid combination and 
a particular apparatus. It seems reasonable to conclude that 
any errors in temperature in any particular apparatus would be 
consistent and each individual correlation would be valid except 
that the magnitude of Cy would directly reflect any error in 
the temperature measurement. The difference in the magnitudes 
of Ca found for each of the surface-fluid combinations in Figs. 
4 through 8, possibly can be interpreted, as suggested, as 
being the effect of the magnitude of the bubble contact angle 
or as the effect of errors in the surface temperature measurement. 
On the other hand, Figs. 5, 6, and 7 represent different fluids on 
the same surface in the same apparatus. Therefore it seems 
reasonable to conclude that any temperature measuring errors 
would be consistent within these three figures and the variation 
in the magnitude of Cy probably can be attributed to the effect 
of bubble contact angle. Unfortunately, at this time we do 
not have the magnitudes of the bubble contact angles present 
in any of these boiling data. 

The burnout points require a separate correlation. We are 
currently obtaining data on burnout points in the high-pressure 
region. This information is indeed very important but cannot be 
included in a correlation as presented in this paper. A number 
of burnout correlations have been presented, two of which are 
by Addoms,'* and by Buchberg, et al.'* 

‘Heat Transfer at High Rates to Water Boiling Outside of 
Cylinders,”’ by J. N. Addoms, ScD thesis 1948, M.I.T., Cambridge, 
Mass. 

“Heat Transfer, Pressure Drop, and Burnout Studies With and 
Without Surface Boiling for De-Aerated and Gassed Water at Ele- 
vated Pressures in a Forced Flow System,’ by H. Buchberg, R. 
Lipkis, and M. Greenfield, presented at the 1951 Heat Transfer and 
Fluid Mechanics Institute, Stanford University, June, 1951. 
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By H. A. JOHNSON! ano A. H. ABOU-SARE?* 


The static pressure drop and heat transfer for two-phase, 
two-component flow of air and water were measured for 
flow in a horizontal 15-ft length of l-in. 16-gage brass tub- 
ing. Flow rates include the range of 1000 to 15,000 Ib per 
hr for the water and 0 to 200 lb per hr for the air. Tenta- 
tive correlations are presented from which prediction of 
pressure drop and heat transfer may be made under re- 
stricted flow conditions. _ 


NOMENCLATURE 
» following nomenclature is used in the paper: 


= cross-sectional area of pipe, sq ft 
j 2 
specific heat of fluid, Btu per Ib 
effective hydraulic diameter of gas, ft 
effective hydraulic diameter of liquid, ft 
inside pipe diameter, ft 
weight rate of flow per unit area, W/A, Ib/see ft? 
gravitational force per unit mass, 32.2 ft/sec? 
calculated single-phase heat-transfer coefficient for gas 
based on A, and D,, Btu/hr ft? deg F 
calculated single-phase heat-transfer coefficient for 
liquid based on A, and D,, Btu/hr ft? deg F 
calculated single-phase heat-transfer coefficient for 
liquid based on A and D,, Btu/hr ft® deg F 
two-phase heat-transfer coefficient, Btu /hr ft* deg F 
thermal conductivity of fluid, Btu /ft* hr (deg F /ft) 
mean static pressure of test section, psig 
caleulated single-phase pressure drop for gas based on 
A and D,, psf 
calculated single-phase pressure drop for liquid based 
on A and D,, psf ar 


two-phase pressure drop, psf Piles | 


heat-transfer rate, Btu per hr 

gas-volume fraction, fraction of tube filled with gas 

liquid-volume fraction, fraction of tube filled with 
liquid 

mean mixed fluid temperature for test section at which 
all properties are evaluated, deg F 

mixed mean temperature at entrance, deg F 

2 = mixed mean temperature at exit, deg F 
tai = mean temperature of inside tube-wall surface, deg F 
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velocity of the gas, W, 

velocity of liquid, W, 

gas flow rate, lb per sex 

liquid flow rate, lb per sec 

two-phase flow parameter = (AP,/AP,)'"* 

two-phase heat-transfer coefficient functions defined by 
relation: 


flow-pattern modulus for liquid 
flow-pattern modulus for gas 
absolute viscosity, Ib sec ft 
specific weight, pet ee 
= two-phase pressure-drop modulus = (APre/AP,)'/* 


Ss bacri pts 
= gus 
L, l = liquid 

= pipe 

sp = single-phase 
TP = two-phase 
Flow-Pattern Symbols 


= stratified-bubble 
= bubble 

= pulsating-bubble 
= stratified-wavy 
= stratified-sluggi-!: 
= 


INTRODUCTION 


sluggish 
sluggish-annular 
semiannular 
annular 


Pipe-flow systems with mixtures of vapor and liquid are com- 
mon in many industrial equipments. More often these systems 
are for single-component fluids attended by condensation or 
vaporization due to heat transfer or large pressure drop, Le 
“flashing.” Less common are two-phase two-component sys- 
tems under flow conditions of limited pressure drop and heat 
transfer such that compressibility, momentum, and phase-change 
effects along the pipe length are negligible. This investigation 
(1)? and the related literature? are limited to the latter simplified 
case. 

Approximate correlations of isothermal! pressure drop for sev- 
eral such systems have been developed and are summarized in 
their latest form by Lockhart and Martinelli (2). Interpretation 
of the results presented here is made in terms proposed by Lock- 
hart and Martinelli who characterize the essential features of the 
flow with the following parameters: 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. Additional references to the literature than are men- 
tioned in the text are included 
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pressure drop ratio defined as (AP rp /APy) 

, single-phase pressure-drop ratio defined as (AP,/AP,)'* 

. ‘volume fraction” which is fraction of the conduit volume 
containing one phase 
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Proceeding from concepts related to single-phase pipe flow, 
funetional relations between @ and XY, and R and XN were estal- 
lished different for four 
modes of flow grouped according to either viscous or turbulent 
for the liquid and the gas. there are 
eral flow patterns arbitrarily characterized by descriptive terms 
such as stratified, sluggish, annular, and others (3,4). Of the four 
possible modes, all data presented in this paper are in the turbu- 


These relations were indicated to be 


For each mode alse sev 


lent-turbulent regime and include several flow patterns. 

The heat transfer to such flow is also of interest and is the sul- 
ject of the present investigation, While experimental result< 
for heat transfer to single-component systems (boiling) are availa- 
ble, with a 
two-component system in which heat is transferred without change 
of phase. ‘To obtain such data the system was so constructed 
ux to vield measurements of the heat transfer, 
liquid-volume fraction, and flow pattern for air-water mixtures, 


no previous experiments appear to have been made 


pressure drop, 


APPARATUS 


All result» are for flow through a horizontal I-in. I6-gage 
drawn-brass tube in two sections of equal length, closely con- 
nected at the center to provide for pressure measurement at that 
point. The over-all length between end pressure taps is 15.7 ft 
and by means of the central tap the pressure drops in the two 


A steam jacket, also divided at the 


halves can be compared 
mid-point of the tube, provides « heating section 15.5 ft long with 


condensate from both sections being united before measurement 
in the present experiments, Internal baffling was arranged so 
that the condensate formed by external heat loss was withdrawn 
separately. ‘Tube-wall temperatures were observed by means of 
24 thermocouples located spirally along the length of the exterior 
wall of the This arrangement, since abandoned, pro- 
duced circumferential variation of the tube-wall temperature 
which is considered inconsistent with that expected for a uni- 
It is inferred that the thermocouple lead 


test tube 


form condensate film. 
wires caused irregular condensate flow and so produced the varia- 
Maximum deviations from the mean tempera- 
while unsatisfactory, did 
too great the wall-to-fluid tem- 
« large for the experiments reported here 


tion observed. 


ture were as much as +10 deg F and, 


not introduce an error because 
perature differences ar 
The water and air are mixed in a standard pipe tee 70 diam up- 
stream of the test section. This method of mixing was selected 
from previous investigations reported by Martinelli, et al. (3) and 
Bergelin and Gazley (4) 

Fig. | shows the principal features of the test svstem although 
all instrumentation is not shown in detail, A traversing thermo- 
couple, for measurements across the stream, is provided at the 
outlet of the heating section as a check on the mixed mean tem- 
perature the mixing pot 
valves, of uniform tube-diameter bore when open, 
each end of the test section and are spring-loaded to enable rapid 
simultaneous closing. In this way the 
test section could be determined, under operating conditions, with 
the aid of a graduated water tank from which the test section could 
be filled with liquid by venting at a pressure tap. Residual air 
was measured by pressurizing this system and measuring the 


additional displacement in the graduated tank. = 


measurements in Special disk-type 


are placed at 


air-liquid content of the 


Sincie-Puase Tests 


A series of single-phase flow tests for both air and water were 


made to establish the validity of the system and testing tech- 
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nique, The pressure-drop results, both isothermal and noniso- 
thermal, agreed with accepted smooth-pipe values with deviation= 
of + 3 per cent. For heat transfer, the ag 
pared with MeAdams (5) was satisfactory for water, ie., 5 to 10 
per cent low for Reynolds number above 40,000. However, the 
not satisfactory. The fault for the 
attributed to the combined effect of low heat-flux rates, a long high 
effectiveness heating section, and poor precision in the measure- 
This difficulty was 
not considered serious, however, since the heat rates at the mini- 
mum water rate are substantially greater than for air alone and 
those results did agree with predicted performance 


reement when com- 


results for air were air is 


ment of the outlet mixed mean temperature. 


Two-PuHast Flow Test Procepure 


Thirty-five isothermal and 116 nonisothermal two-phase runs 
were made which included the following range of variables: 


L000 to 15000 

4.5 to 200 

4 to 250 
35000 to 175000 
lto 50 


Water rate. lb per hr 
Air rate, lb per hr 
Pressure drop, Ib /ft® per ft 


Heat rate, Btu /ft* hr 


Mean pressure, psig 
Mean temperature of flow, 
deg 
Wall temperature, deg F 

The two-phase test series was conducted at constant liquid 
rates of 2, 4, 10, 18, and 30 gpm. For each liquid rate, the 
air rates were about 0, 1, 2, 4,7, 13,25, and 45 scfm. At the end 
of each series of runs for one liquid rate, every third air rate was 
repeated as acheck. Also, a reference 14 gpm single-phase water 
run was made at regular intervals to detect any changes in the 
system such as leakage, fouling, and instrumentation faults. 

For the nonisothermal runs steady state obtained when the 
tube-wall temperatures, taken at 15-min intervals, showed fluc- 
tuations of less than +0.5 deg F. Heat balances for all runs 
were within 10 per cent and the majority better than 5 per cent. 


TU to 140 
175to 210 


Resuits 


All two-phase experimental results for the present investiga- 
tion are shown in graphical form in Figs. 2 to 5. Tables 1 and 
2 present the data for the last consecutive group of runs made, 
excluding only duplicate check runs. The estimated maximum 
errors are 5 per cent for the pressure drop and liquid-volume 
fraction and 25 per cent for the heat-transfer coefficient 

Results of pressure-drop measurements for both isothermal! and 
nonisothermal flow are revealed in Fig. 2 with the points for non- 
isothermal indicated to demonstrate the experimental scatter. 
Similar scatter obtains for the isothermal flow points which are 
not shown. It should be noted that the curves in Fig. 2 are not 
directly related because the system pressure level varies with 
changes in flow rate. The differences that exist between the ise- 
thermal and nonisothermal may be rationalized in terms of the 
Variation in viscosity and by accounting for small variations in 
stream momentum along the test length. 

Visual observations of the flow patterns are indicated in Fig. 
3. These are arbitrary and subject to the interpretation of the 
observer but appear to be the best possible means for the present. 
and photographic while employed, 
vielded no better indication for flow-pattern characterization. 
The demareation between patterns is so vague that no attempt 


Stroboscopic techniques, 


was made to fix them. 

Liquid-volume-fraction data are shown in Fig. 4 and indicate 
large reduction with only slight additions of air followed by little 
diminution for large increases in air rate. The 
for nonisothermal flow and include all observations made for these 
experiments. 
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TABLE | SUMMARY OF ISOTHERMAL TWO-PHASE DATA 


(Atmospheric pressure 14.6 + 0.1 psia) 


Air rate, 
deg F 


Water flow rate = 975 Ib per br 


Flow 
type 


Water flow rate 
3 
$ 


4 
4 
‘ 
14 


21 


Water flow rate = 


2950 
$740 


Air rate Pia: 
psig deg F pef 
Water flow rate = 1950 Ib per br 
, 2 
3 


11 
16 


Water flow rate 


* Standard conditions for air rate are 70 deg F and 14.7 psia. 


TABLE 2 


SUMMARY OF NONISOTHERMAL TWO-PHASE FLOW DATA 7 


Atmosphere pressure 14.6 + 0.1 psia) 


Air rate t t 
sefm 


deg F pef 


APyp. QA 


deg F Btu hr ft? 


Water flow rate = 075 lb per hr 


lus 
192.3 


Ib per hr 
201 
202 
204 
195 
194 
195 


1220 143 


Water flow rate = 500 Ib per hr 


@ Mase transfer significant 


Fig. 5 presents the heat-transfer data in terms of a heat-trans- 
fer coefficient. This coefficient is defined by 


here = (g/A) + LMTD 


where the heat rate g is the heat gained by the mixture, assuming 
the air saturated throughout, and LMTD the logarithmic mean 
temperature difference based on the mixed mean terminal tem- 
peratures and the mean of the tube-wall temperatures extrapo- 
lated to the surface. These sub- 
stantial increases in the coefficient for small additions of air fol- 
lowed by tendency for maxima. The increase at low air rates is 
explained in part by reduced liquid-flow area and resulting in- 
creases in liquid velocity and heat-transfer coefficient. At high 


inner wall eurves show 


159000 


149000 
176000 
164000 
152000 
161000 


air rates the decreasing values are not necessarily attributed to 
the effect of lower heat-transfer performance characteristic of air. 
The scatter of the data at the highest liquid rate may not fully 
justify the curve as drawn. At the lowest liquid rate, mass 
transfer probably contributes significantly, since this would 
tend to decrease the final mixed mean temperature and cause the 
depression of the heat-transfer coefficient at high air rates. 


Discussion 


\ primary comparison for the present results consists in evalu- 
ating the two-phase flow parameters defined by Lockhart and 
Martinelli (2) and to compare the results of the other investi- 
gators on this basis. Fig. 6 reveals this comparison for isothermal 
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67 tos 
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Fic.6 Two-Paase Presscure-Drop 


flow ond includes the data of Gazley and Bergelin (6). The pres- 
ent results and those of Gazley show a trend with water rate: 
however, the order with increasing water rate for the two sets of 
data is reversed indicating secondary effects. All results are 
generally within +30 per cent of the line presented by Martinelli 
which is the average of a large volume of previous data. Ap- 
parently significant secondary effects, which may be dependent 
on flow pattern, Fig. 7, are not accounted for in the simple ra- 
tionalization leading to the correlation method of Fig. 6. It is 
believed that the effect of mechanical energy dissipation at the 
liquid-gas interface exerts a significant influence and has not yet 
been idealized in such a way as to permit an accounting for it 
in the generalized representation for Fig. 6. This has been 
shown by studies considering ideal annular viscous-viscous flow 
(7) and an extension of the Martinelli analysis (1). 

Fig. 8 represents the nonisothermal results in the same manner, 
and trends shown for the isothermal case are somewhat exag- 
gerated in this case with a mean line through the data lying about 
25 per cent above the Martinelli line. 

In Fig. 9 experimental values of the nonisothermal liquid- 
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MARTINELLI 
(ISOTHERMAL) 


NON ISOTHERMAL 


FLOW 
WATER RATE 
975 Ib/ hr 
& * 
: + $000 
9000 


LIQUID VOLUME FRACTION &, 


a SIGNIFICANT oO 


MASS TRANSFER VY 


15,000" 


PARAMETER X 


volume fractions are compared isothermal 
values proposed by Martinelli. The magnitudes are 50 per cent 
less than Martinelli but the trend is similar, and the sign of the 
departure consistent with that revealed for nonisothermal pres- 
sure drop in Figs, 2 and 7. No rational cause is offered for the 
very evident departure for the two lowest water rates but it is 
believed a further indication of the influence of flow pattern. 
The single low-value point for the 5000 Ib per hr water rate is 
probably in error since it is at the minimum value measured for 
high liquid rates and much affected by system leakage and tem- 
perature change during the long time required for measurement. 

No comparable data or predictions are available for the heat- 
transfer coefficient 


with the average 


Several arbitrary methods were tried using 
the ratio of the two-phase heat-transfer coefficient to that for the 
single-phase liquid, Are/h,, with several independent variables 
including XY. All were similar to Fig. 10 which only serves to 
show the data to be consistent. In this figure the values at the 
maximum liquid rate are less than unity beeause single-phase 
tests showed that the prediction equation used for A, tends to be 
high for this system; that is, small amounts of air increase the 
heat-transfer coefficient, Fig. 4. Some success at securing cor- 
relation, £20 per cent, is obtained as revealed in Figs. 11 and 
12.) The heat-transfer pressure-drop ratio in Fig. 11 is deter- 
mined from experimental data alone. Had a mean value for @,, 
from Fig. 7 been used the dispersion would be greater than +20 
per cent. For this reason the following tentative procedure is 
preferred since it is less dependent on the two-phase pressure 
drop: 

Considering that any relationship for a two-phase heat-trans- 
fer coefficient would reduce to the single-phase coefficients at ex- 
treme values for the ratio of the two fluid rates, the simple rela- 
tion is postulated 


hre = + (1) 


where Z, and Z, are, respectively, gas and liquid rate factors with 
values between O and 1 to be determined experimentally, A; 
and Ag are, respectively, liquid and gas heat-transfer coefficients 
assumed to be represented by reference (5) 
& AD/k = 0.023( DG /p)™* [2] 
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in which D and G are based on ‘effective hydraulic diameters. 
With the definitions of Martinelli and Lockhart (3) the effective 
flow areas are 


A, = and A, = 4 


where @ and 8 are flow-pattern factors, D, and D, effective hy- 
draulic diameters. Then, since the sum of the gas and liquid 
volumes fill the pipe 


aD? + BD? = .. 
it follows that the liquid-volume fraction is 


», \2 
a(P*) 
D, D, 


By substitution of Equations [2] to [5] into Equation [1| 
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where A, is defined by Equation [2] based on the pipe diameter 

D,,. 

For the data presented here it can also be shown, with the aid 

of the relations‘ for a and 8 that the multiplier of Z, in Equation 

[6] is less than 2 per cent of that for Z, and since Z, and Z, should 

not exceed unity, the second term is dropped, that is, if the gas 
rate is not controlling 


hee 
hy 


a’ 


Again using the relations for a the data where plotted to ob- 
tain the empirical relation 


1 
1 + 0.006(D,G, u,)'” 


Z, = 


* For turbulent-turbulent flow from Martinelli and Lockhart (2). 
a = a function of X. 
B = R,“(No)*" a function of X. 


Correcation Procepurt ror Two-Paase Heat Transrer 


The use of the gas-phase Reynolds modulus for this relation was 
arbitrary and for convenience since it is evaluated as a criterion 
for the mode of flow, 

This development is admittedly crude and the correlation ob- 
tained with it as shown in Fig. 12 may not be any better than 
that based on the two-phase pressure drop. Considerable addi- 
tional data for other systems and fluids will be necessary to an- 
swer these questions. 
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Discussion 


Cart Gaztey, This paper provides much interesting and 
useful data and should serve as a basis for determination of local 
heat-transfer rates occurring during foreed-circulation boiling 

As the authors point out, the effects of the type of flow (e.g., 
whether stratified, sluggish, or annular) are probably important 
in both pressure-drop and heat-transfer considerations. In our 
work at the University of Delaware® on the stratified types of 
flow it was found that the initiation of waves and slugs was ac- 
companied by appreciable increases in both pressure drop and 
mechanical energy dissipation at the air-water interface. In this 
connection it would be interesting to know whether the authors 
utilized their traversing thermocouple to evaluate the relative 
amounts of heat picked up by the two fluids and hence the inter- 
facial heat-transfer rate. 

Establishment of the limits of the various types of flow is 
probably as difficult as establishment of an exact criterion for the 
laminar-turbulent transition point in single-phase flow. The 
effects of a variety of external factors, e.g., mixing device or 
vibration, probably predominate. In our work we found that 
waves could be initiated by small external vibrations. 


C. V. Srernuina? anp C. E. Sanporn.? This paper makes a 
significant contribution in an important field where little, even of 
an empirical nature, is known. The data should be useful in 
analyzing similar situations; however, as stated by the authors, 
much work involving other vapor-liquid systems is certainly 
needed. 

It is stated that the investigation is limited to two-phase-flow 
conditions where compressibility, momentum, and phase-change 
effects are negligible. It is by no means certain that this is true 
for all the data presented. In the runs at high air and water rates 
the ratio of inlet to outlet pressure is large so that the flow should 
properly be treated as compressible. Also, the addition of heat to 
a saturated air-water mixture inherently involves the transfer of 
mass. In the runs at low water rates, the outlet temperature is 
generally high so that the partial pressure of water vapor can 
become a major fraction of the total pressure. Consequently, the 
volumetric ratio of gas to liquid may change many fold from the 
inlet to outlet. Though perhaps not directly significant in rela- 
tion to the heat transferred, the quantities of mass transferred do 
greatly affect the volume fraction liquid R,, and the liquid 
velocity, and hence the pressure drop and local heat-transfer co- 
efficient. 

The authors should be congratulated for developing an accurate 
experimental technique for measuring the volume fraction 
liquid. However, in the nonisothermal case the method may not 
give results corresponding to the actual experimental conditions 
During a run a considerable temperature gradient exists along the 
length of the tube so that the temperature of the air-water mix- 
ture may be greatly different from the temperature of the water 
used to displace vapor from the tube. During this determination, 
some condensation or evaporation undoubtedly occurs; perhaps 


5 General Engineering Laboratory, General Electric Company, 
Schenectady, N. Y. Jun, ASME 
* Authors’ bibliography, reference (4). 
7 Shell Development Company, Emeryville, Calif. Nee 
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‘ the water temperature is such that these counteract or nearly so. 
In any event it is not apparent that the length average fraction 
liquid thus determined is a significant parameter. It is the frac- 
tion liquid at a given cross section, which varies greatly from inlet 
to outlet, that determines the heat transfer and pressure-drop 
_ characteristic at that point. The functional variation of these 
: quantities with fraction liquid is unknown, but does exhibit 
- maxima, at least in the case of the heat-transfer coefficient in a 
vertical tube as recently shown by Verschoor and Stemerding.* 
_ It is improbable that a simple average would correctly reflect this 
complex relation. In particular, the occurrence of maxima or of 
any rapid changes in the dependent variables are obscured by the 
use of an average value 

It is mentioned that the apparatus used was provided with a 
pressure tap at its mid-point. Perhaps the authors have data on 

the differences in pressure drop, and so forth, between the two 
halves of the tube which might throw some light on these ques- 
tons 

It is suggested that the deviations between volume fraction 
_ liquid for the runs at low water rate which appear to deviate from 
_ the curve defined by the other data might be explained in part by 
_ the change in volumetric-phase ratio along the tube. 

The applicability of the log mean temperature difference is 
somewhat questionable. Its validity is contingent upon, among 
other conditions, the constancy of the local over-all heat-transfer 
coefficient. This condition is certainly not met in those runs 

_ where the vapor-liquid ratio changes appreciably. 

The attempt to describe the limits of various regimes of flow in 
detail is admirable and of great importance. Many questions in 
fluid flow cannot be answered now simply because we do not know 

what type of flowexists. In addition,a final correlation eventually 
; must be described in terms of actual flow regimes rather than by 
such arbitrary descriptions as turbulent-turbulent, viscous- 
turbulent, and soon. It is knowm that quite considerable changes 
in heat-transfer rate occur at the transition between types of flow. 
For example, Verschoor and Stemerding* recently have found 
- that changes in the curve relating heat-transfer coefficient with the 
gas rate coincide in certain cases with transitions between bubble 
flow and slug flow and between slug flow and annular flow-in a 
vertical tube. 


Avutuors’ CLosuRe 


The several pertinent questions submitted by Messrs. Sternling 
~ and Sanborn concern the effect of the change in momentum rate 
on the evaluation of the two-phase friction pressure drop and 
secondary effects of vaporization on the heat-transfer coefficients. 
The momentum change which can occur in the test system is 
due to the acceleration produced by the change in density of the 
gas or vapor phase and this is influenced by the change in local 
pressure and temperature and also by such vaporization of the 
liquid phase as occurs. For these conditions, accounting for the 
vapor in the gas, the liquid-volume fraction can be expressed as 
(Wi/pi) + (W, + W,) /(p, + 9,) 


where 


W. = vapor flow rate as required for air saturation 
p, = specific weight of vapor at saturation pressure 
p, = specific weight of dry air at corresponding partial pres- 
sure 


Incorporation of this expression into that for the portion of the 
**Heat Transfer in Two Phase Flow,” by H. Verschoor and 8: 


Stemerding, The Institution of Mechanical Engineers, General Discus- 
sion on Heat Transfer, London, England, Sept. 11-13, 1951, sect. 2, 
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measured two-phase pressure drop which is due to the change in 
momentum yields for that quantity the expression 


Pre Ry Ry Pe gRy 

where G = weight rate of flow per unit cross-sectional area, |b /ft® 
hr. 

Table 3 of this closure contains values of this quantity, and 
values of the parameter '@, correcteéd by subtraction of thie 
momentum contribution from the observed two-phase pressure 
drop. Magnitudes are given for the extreme values of the flow 
rates and the correction is revealed to be significant in the cases 
of large ratios of air to water rates. 

These evaluations show that momentum-effect corrections 
should have been applied for the pressure-drop parameter ¢, for 
all high air rates and for all low liquid rates. Had this been done 
the agreement with the Martinelli curve in Fig. 8 of the paner would 
be improved. The heat-transfer coefficients, however, do include 
the heat-of-vaporization contribution as indicated by the heat 
balances shown in Table 3 and inferred in the text of the paper. 

The mean liquid-volume fraction R, is not considered directly 
significant in the correlation of pressure drop but its measurement 
is of interest as a possible equivalent for identifying the flow 
patterns and for further development of analysis. 

Fig. 13 of this closure compares the heat-transfer performance 
for this system with that reported by Verschoor and Stemerding. 
Agreement is not expected, however, since the reference system is 
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TWO PHASE HEAT TRANSFER COEFFICIENT Btu 


Fic. 13 Comparison Rerortep sy Verscnoor 
STEMERDING 


vertical (i.e., a more favorable arrangement for definitive slug and 
annular flow patterns) and limited to lower liquid-flow rates. It 
is believed that these two differences contribute to the develop- 
ment of maxima which probably included significant mass-transfer 


effects. It also should be noted that the volumetric flow-rate 
ratio is not suited for comparison since the density of the gas 
phase may have been different in the two test systems. 

The mid-point pressure tap was used throughout the test pro- 
gram; however, the pressure drops were equal in the two half- 
sections indicating that the variation of R, in each section is sub- 
stantially the same. 

Unfortunately, the condensate collection in the two sections 
was not measured separately as originally planned so that no 
comparison can be made of the relative heat-transfer performance 
of two half-sections. 

The logarithmic mean temperature difference is strictly appro- 
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au TABLE 3 SUPPLEMENTAL ESTIMATES FROM NONISOTHERMAL DATA 

Air rate, We shu. x. Ai Qa 

sefm Ib per her Re Fig. Fig. 8 Cor Btu/hr ft® Qeond 
Water rate = 975 Ib per hr 

io 7.72 0.214 0.05 05 5.9 3.57 2.80 2120 1.03 

447 92 3 0 004 460 O24 13.4 10.2 25300 1.04 
Water Rate 1950 Ib per hr 

0 “7 2.02 0.872 0.224 16 11 8 240 2.20 1 06 

427 37 0028 0 014 356 O44 7.65 64 10200 Os 
Water Rate = 5000 th per br 

096 1.28 0682 0.472 27.8 158 1.49 357 1 63 

“47 24 0 072 0 0388 825 1.24 4 68 3.80 8000 
Water Rate = 9000 Ib per hr 

16 O80 O 776 0668 49 1.36 1.31 220 1 03 

13.4 i8l 108 S20 24 3.28 2 84 3740 0 46 
Water Rate 15000 ib per br 

1 0 52 0.874 O S4 120 138 1 oO 

4.2 0317 OF 215 771 2.27 204 1700 iol 


Note: Wer = vapor rate at exit based on assumption of saturated vapor 
Qe As = heat flux due to the vaporization assuming saturated vapor. 

Qar = heat transfer based on increase of enthalpy which includes vaporization con- 
tribution, Note that this ix the quantity used in evaluating the two-phase 
heat-transfer coefhicient. 

Qeond = Heat transfer deduced from steam condensate measurements 


a TABLE 4 SUMMARY OF NONISOTHERMAL TWO-PHASE FLOW DATA FOR 


COPPER T 
of 
(Atmospheric pressure 14.5 + 0.1 


Air rate Pau ti, fr, APre, twi Ai, Flow type 
psig deg deg psf deg Btu br inlet outlet 
Water flow rate 1375 Ib per hr 

0 B82 1.8 76.6 211 0.35 sTW SA 
1.21 14 7 210 9 31 aTW A 
2.32 3.2 re 208 0.30 STW SA 
3.72 44 7 208 0.25 STW SA 
5.15 52 7 205 AW A 
5.18 57 7 204 0.25 AW A 
7 204 0.18 AW A 
26 75 204 AW 

42.5 21.2 75 202 63000 0 12 AW \ 


= 3570 tb per hr 


1.30 50 7.4 206 113500 A A 
3.95 67 8 A A 
5.28 4 “4 1182 198 115700 A A 
13 92 15.8 «188 106, 121600 AB AB 
24.0 22.1 #42 185 2576 104 120000 AB AB 
43.7 32.1 93 0 178 3283 lez 116100 AB 


Water How rate 6410 lb per br 


1 je 108 175 194 156000 B 1A 
3.80 112 «104 180 1510 ivi 163200 SIA 
5 38 103 1670 167100 AB SIA 
11 82 20.1 108 177 2586 166000 AB SIA 
240 10.8 102 170 3530 151800 AB SIA 
a8 8 40.5 1038 4460 149000 AB SIA 
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priate only when the thermal resistance bet ween fluids or reference 
surface and fluid is invariable with length. An appropriate mean 
or equivalent heat-transfer coefficient does satisfy this require- 
ment if the tube-wall temperature is constant. If, however, the 
setual local heat-transfer coefficients are subject to large varia- 
tions along the tube length, subsequent data will show the heated 
length to be a significant parameter. Separate condensate coilec- 
tion from the two test sections is planned for this purpose. There 
may remain some further question as to the validity of these mean 
heat-transfer coefficients since the observed wall-temperature 
variation (+10 deg F) was greater than anticipated. But the 
single-phase water-flow tests, cited in the paper, are believed 


satisfactory evidence that this variation is admissible. 


Mr. Gazely has inquired as to response of the traversing 
thermocouple at the air-water interface. These data were ob- 
tained for the majority of the tests but the observed flow pat- 
terns, including annular flow, always indicated substantial liquid 
mist in the air stream and the thermocouple is believed to have 
measured only liquid temperatures. In fact, when averaged 
across the stream the value agreed with the mixing-pot tempera- 
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ture or was too low, indicating significant mass-transfer effects, 

Since the original data were submitted for the paper the test 
system has been rebuilt and fitted with an extra heavy wall 
copper pipe (0.736 in. ID) in which the 24 wall thermocouples are 
imbedded and made flush with the outside tube surface, The 
data for this pipe as obtained by Mr. C.D. G. King® are presented 
in Table 4, herewith, and a comparison with the original data is 
shown in Figs. 14 and 15. In Fig. 15 it is noted that the de- 
parture in R, for low liquid rates which is not evident in these 
more recent data may be due to differences in testing techniques, 
i.e., elapsed time in the measurement of R, as was suggested by 
the discussers, 

The authors wish to thank the discussers for their interest and 
helpful suggestions and to acknowledge the additional data sup- 
plied by Mr. King 
problem will find these data of value in their efforts to extend the 
analyses of two-phase flow svstems. 


It is also hoped that others interested in this 


* Instructor in Mechanical Engineering, Washington University, 
St. Louis, Mo 
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ay Speed of Kaplan Turbines 


h& By G. H. VOADEN,' YORK, PA 


The object of this paper is to illustrate the type of 
laboratory test data which a turbine manufacturer must 
have to predict intelligently the runaway speed of a Kaplan 
turbine. The significant differences between the ‘‘on- 
cam” and “‘off-cam’’ runaway speeds are explained and 
data on actual runaway-speed tests conducted on a large 
Kaplan turbine installation are given. Attention is 
called to the possibility of reducing the runaway speed by 
restricting the minimum angle to which the runner 
blades can be pitched, and information is presented that 
will aid the purchaser of a Kaplan turbine to decide what 
runaway speed should be provided for in the generator. 


HE runaway speed of Kaplan turbines is, in general, 2.5 to 

3 times normal speed whereas with Francis turbines it is 

rarely over twice normal. This high runaway speed re- 
quires greater understanding and consideration in design by the 
manufacturers of Kaplan turbines, by the purchaser and oper- 
ators, and by the generator manufacturer. In both types the run- 
away speed of a prototype can be predicted from the laboratory 
test of an homologous runner by proportioning inversely as the 
runner diameter and as the 1/H. It has also been found by 
laboratory test that the runaway speed is affected by the cavita- 
tion characteristic “‘sigma,”’ i.e 


H 


H, = barometric pressure, ft of water | 
Hy = vapor pressure, ft of water 

H. = distance of runner above tailwater, ft 
H = net head on turbine, ft 


The effect of the cavitation characteristic on runaway speed is 
much more pronounced in a Kaplan turbine than in a Francis tur- 
bine as will be seen by comparing Figs. 1 and 2. For all practical 
purposes this effect can be neglected with a Francis turbine, but 
with a Kaplan turbine it is very significant. 

Runaway speed of both Kaplan and Francis turbines also 
varies with gate opening, and it will be seen from Figs. 1 and 2 
that the maximum runaway speed is not necessarily at full gate 
opening, for a given sigma value. 

In a Kaplan turbine there is an additional variable — the blade 
angle—providing an infinite number of possible combinations of 
blade angle and gate opening if the blades and gates either ac- 
cidentally or intentionally are out of their proper controlled rela- 
tionship as determined by a cam, i.e., off-cam. In a Kaplan 
turbine there is, from the standpoint of turbine efficiency, an op- 
timum relationship between runner blade angle and wicket-gate 
opening, this relationship being determined by laboratory tests 


' Assistant Chief Hydraulic Engineer, 8. Morgan Smith Company. 
Mem. ASME 

Contributed by the Hydraulic Division and presented at the An- 
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and usually checked in the field by means of an index test.? Fig. 3 
shows a typical blade-pitching mechanism. Starting with the 
mechanical connection from the gate-operating mechanism to the 
blade cam, the functional operation may be traced readily through 
to the pitching of the runner blades. 

In order to make an intelligent prediction of the maximum pos- 
sible runaway speed for a Kaplan turbine, a manufacturer must 
have laboratory test data of the type illustrated in Fig. 2. To 
avoid confusion this figure omits the data of 9, 22, 28, and 32 deg 
at the lower sigma values. This curve applies only to one par- 
ticular design of runner blade. Other designs of this same manu- 
facturer will have different runaway-speed characteristics and 
certainly those of other manufacturers will also. 

At the time these particular model tests were made, i.e., in 1935, 
prior to the first two Bonneville units, no thought was givan to de- 
signing the generators for any lower runaway speed than the 
maximum off-cam blade-gate relation could produce. Hence 
mode] tests for runaway speed were not made at the low gate 
openings or on-cam relationship and cannot be shown in Fig. 2. 


Runaway-Sreep Tests av BONNEVILLE 


Fig. 4 shows actual runaway speed attained under tests on the 
Bonneville main units, supplemented where necessary by tests 


? “Index Testing of Hydraulic Turbines.”’ by G. H. Voaden, Trans. 
ASME, vol. 73, 1951, p. 481. 
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8 9 0 BA the runaway speed is 56 rpm which, therefore, is one point 
Gare OPENING - INCHES 


on the on-cam runaway-speed curve. It will be seen from 
: Fig. 4 that the maximum on-cam runaway speed is 58.5 rpm. 
| This figure is only 75 per cent of 78 rpm, the maximum off- 

Substantiated by these field’ results and by subsequent 
model tests, it is safe to say that the on-cam runaway speed 
will not exceed 85 per cent of the maximum possible off-cam 
speed. 
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Wuicu RUNAWAY SPEED? 


Should the turbine and generator be designed for the maxi- 
mum off-cam runaway speed or the on-cam or normal run- 
away? 


RUNAWAY SPEED OF 100" 
DIA RUNNER AT FT. HEAD 


It is not difficult or expensive to design and construct the 
turbine for the maximum runaway speed, and it is standard 
practice of the turbine manufacturers to do so. The generator 
On-Can difficult and expensive problem. It is clearly the 

anp Hottrwooo Move. Tests turbine manufacturer's responsibility to tell the purchaser or 
his consulting engineer what the estimated maximum off-cam 
made at Holtwood on a 16-in-diam runner at 1 ft head for com- and also the on-cam runaway speeds are and to provide any other 
parison, The method of obtaining the on-cam runaway-speed — data to assist in making the decision as to which runaway speed 
curve is illustrated by the following example: At 16'/,deg BA it | should be provided for in the generator. 
was found from an index test of the unit that the correct on-cam As an aid to the purchaser and his consultants in making this 
gate opening was 8.25 in. In Fig. 4 at 8.25 in. and 16'/, deg — decision the following data and discussion should be useful: 
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; 7 1 What are the probabilities of the maximum off-cam runaway 
speed being attained? 
. 2 What are the probable effects of maximum runaway speed 
if 


the unit? 
Referring to (1), it will be seen from Fig. 2 that there is an in- 


finite number of off-cam blade-gate relationships which would not 
produce the maximum runaway speed. However, it is always 
possible to obtain the worst possible relationship deliberately by 
7 = the cam, locking the blades by governor oil pressure or 
some mechanical means, and operating the gates by hand—or 
vice versa. The chances of obtaining this combination acciden- 
tally will now be discussed. 

Fig. 5 shows typical blade-operating curves of work required 
to pitch the blades in each direction. It will be noticed that as the 
rpm increase above normal, it requires less and less force to open 
- them, and above a speed of about 40 per cent above normal, the 
blades will open by themselves. Thus if the oil pressure to the Tesecat Kastan BuaseDeemstme Fouces -Gacwuws 

ig blades were lost or the mechanical linkage were to break so that Variation With Sreep 
the blades were out of control, they would not remain at a low 
; pitch where maximum runaway is attained but would drift 
rapidly to a high pitch where the runaway speed is low (see Fig. 


Fig. 6 shows a typical chart of differential gate-operating pres- 
sures. It will be seen that the hydraulic forces on the gates are 
balanced at a very low gate opening—about 15 percent. There- 
fore, on loss of control of the gates, they would drift rapidly to a 

position far below the opening required for maximum runaway 
speed. 

If the blades were to stick because of increased friction at the 
worst pitch for runaway speed, and the gates were still under 
governor control, and the unit were isolated, and the load in- 

—ereased sufficiently, the governor would keep on opening the 
gates to the maximum opening. Then if the load were suddenly 
lost, the governor would close the gates fully and would pass 
through the gate position for maximum overspeed, but only mo- 
mentarily as the total closing time would be a matter of only 2 to 
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Fig. 7(a) shows a typical speed-time chart obtained during a 
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(a, Bonneville unit No. 2 at full gate and with blades ‘‘fixed” at angle for maximumrunaway. 6, Bonneville unit No. 4, gates and blades controlled 
+o test at 175 rpm, 133 per cent above norma)! for 30 min.) “ 
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test with blades and gates deliberately fixed at the start at es 
timated maximum runaway conditions, It will be seen that the 
speed went from a normal of 75 rpm to 170 rpm in about 38 sec, 
and from normal to 203 rpm required about 3*/,min. Therefore, 
in the foregoing example, just passing through the maximum run- 
away-speed condition momentarily would not produce anywhere 
near maximum overspeed —-probably not even 10 per cent above 
normal 

It has been shown that maximum off-cam runaway speed 
cannot occur (a) with loss of oi] pressure to either or both gates or 
blades, provided they are of properly balanced design and free to 
move; (b) except when the tail-water elevation and head are such 
as to produce a certain range of sigma; (c) unless the blades and 
gates remain in the worst possible combination for a relatively 
Jong time (3*/, min in the example given ). 

Maximum off-cam runaway speed can occur only if the blades 
and gates are deliberately or accidentally locked or “stuck” for a 
relatively long time in certain definite positions and at the same 
time sigma must be at the worst possible value. 

To the author's knowledge, maximum off-cam runaway speed 
has never to date occurred accidentally on a Kaplan turbine, It 


is possible to produce it deliberately and it is, therefore, physically 
possible to produce it sceidentally, operators and test engineers 
being human; however, the probability is decidedly remote. 

Referring to item (2), there is only one example of maximum 
off-eam runaway speed actually having been obtained on auto- 
matically adjustable-blade Kaplan turbines and that was delib- 
erately, on the early Bonneville units. 


Case History or RUNAWAY Speep aT BONNEVILLE 


Briefly, the case history in respect to runaway speed on the 
Bonneville main anits ix as follows: 


Units Nos. 1 and 2 (280-in-diam Smith-Kaplan runners) 

Turbine rating, 60 ft head, 60,000 hp, 75 rpm, shaft diameter 39 in. 

Estimated runaway speed, at 69-ft head with full gate and with 
blade angle for maximum runaway speed of 216 rpm 

Generator rating, +5.000 kva, 13.8 kv, 3 phase, 60 evele, designed for 
runaway speed of 216 rpm 


On March 28, 1938, runaway-speed tests were made on unit 
No. | with blades blocked at a 12-deg angle, full gate opening for 
2.1 min, 51 ft gross head, plant sigma 0.935. A runaway speed of 
189 rpm was reached in about 2.37 min at which time the speed 
had not quite leveled off. Correcting this for head and sigma, the 
figure is 210 rpm, as compared with an estimated 216 which is a 
close check. The unit ran satisfactorily at 189 rpm with no seri- 
ous vibration of the head cover or whip of the shaft, although the 
cavitation noise was terrific. However, while the gate opening 
was being reduced toward zero, at a rate corresponding to full gate 
closure in about 2'/; min, a shaft whip and also a vertical pulsat- 
ing movement of the rotating parts occurred at about 130 rpm. 
The order of magnitude of the whip was '/, in. (at the blade 
sin, This was frighten- 
ing but no apparent damage was done. The transverse first 
critical speed of the unit had been calculated by the turbine 
manufacturer to be 437.5 rpm and by the generator manufac- 
turer at 425 rpm, The calculated torsional first critical speed is 
390 rpm, 

No definite reason for the unusual behavior of the unit at 130 
rpm can be stated. A reasonable explanation is that the primary 
factor was hydraulic unbalance aggravated by the abnormally 
high flow. It may have been due partially to a hydraulic un- 
balance of the flow from the semispiral case and distributor to the 
runner; that is, the runner may not have been in the exact center 
of the natural vortex. If the resulting force normal to the shaft 
were constantly in one direction the effect would be a deflection, 
notawhip. Therefore, if this were the sole cause the lateral force 


servomotor) and the vertical movement ! 
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must have been shifting in direction. A contributing factor may 
have been hydraulic unbalance of the runner itself due to dif- 
ferences between the five blades. However, the blades of unit No. 
1 were machine-finished, and such unbalance could only have 
been minor and due to exceedingly small differences in pitch. 

There is another possibility in the fact that at runaway speed 
the downward hydraulic thrust of the runner is reduced appre- 
ciably. The axial force, being a resultant of the hydraulic forces 
and the weight of the rotating parts, may not have been stable. 
The rate of gate closure also may have had an effect, because on 
rotational deceleration there is a tendency for the blades to act as 
a pump forcing the water downward. The rate of gate closure 
would affect the rate of deceleration, hence the degree of pumping 
effect, and hence the axial forces of hydraulic origin. All of these 
items, and possibly others, combined with the degree of rigidity 
and fixation of the turbine and generator shafts undoubtedly were 
nvolved in the instability. 

On April 18, 1938, runaway-speed tests were made on unit No. 2 
with blades blocked at a 12-deg angle, 50.8 ft gross head, plant 
sigma 0.94, gates full open for 3.25 min, then closed back to the 
normal on-cam position, A runaway speed of 203 rpm was 
reached in about 3.75 min, '/; min after the gates had started to 
close, Note that the gates were held at full gate for 53 per cent 
longer time than on the March 28 test, no doubt accounting for 
the higher speed. Correcting the 203 rpm for head and sigma, the 
speed would be 225.5 rpm, as compared with the estimated 216. 
The accuracy of the many measurements considered, both labora- 
tory and field, this also is a reasonable check. 

With the hope of eliminating the shaft whips that had occurred 
on unit No. 1, air was admitted above the runner during the run. 
The full capacity of two 600-cu-ft compressors was admitted to 
the head cover at 80 psi. After the gates had started to close, the 
air valves were opened (to the runner) and, by the time the gates 
were 10 per cent open, al] the air in the tanks had been used as 
well as the compressor capacity, the pressure being down to 
zero, 

No trouble was experienced except the instability of the rotat- 
ing elements on closing the gates. The blades of units Nos. 2 to 10 
were not machined, so any tendency to runner unbalance between 
blades was greater on this unit than on unit No. 1; yet the in- 
stability of the rotating elements was considerably less. It was 
assumed that this reduction of the instability was accomplished 
by the air admission described. 

During the runaway-speed test it was found impossible to hold 
the blades at 12 deg angle. By the end of the 3.75 min run they 
had drifted from the original 12 to 16 deg even though the relay 
valve spool controlling the oil pressure to the blade servomotor 
was blocked closed. This was due to leakage past the valve and 
possibly past the servomotor piston. In normal operation, under 
governor control, pressure from the accumulator tank applied to 
the top of the blade servomotor through the outer oil pipe inside 
the shaft increases the blade angle, and pressure oil to the under 
side through the inner oil pipe decreases the blade angle. During 
the runaway-speed tests, with the Kaplan valve closed, discon- 
necting the servomotor from the accumulator tank, pressures de- 
veloped on the under side of the blade servomotor piston at all 
values of blade pitch above 12 deg in excess of those on the upper 
side. This demonstrated the strong tendency of the blades to 
open, thus reducing the runaway speed as will be seen by refer- 
ring again to Fig. 2. These data also confirm the laboratory data 
in blade balance shown in Fig. 5. 

During the 3*/,-min runaway-speed test, the generator thrust- 
bearing temperature rose from 60 to 85 C. 

As a result of these tests it was decided by the purchaser that 
the generators for the next units would be procured for the maxi- 
mum runaway speed that culod be obtained with gates and blades 
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— in proper relationship, i.e.,on cam, A safe estimate of this speed, 

_aecording to the manufacturer's tests, was 175 rpm. The prin- 

_ cipal factor in this decision was the extremely difficult design con- 

ditions encountered when attempting to design a generator with 

25 per cent greater capacity than those of units Nos. 1 and 2 and 
with stresses within the limits set by the purchaser. 


RatinGcs or Unirs CHANGED 
On units Nos. 3 to 10 the rating was increased with the same- 
_ size runners and water passages because it had been found that 
- without serious cavitation units, Nos. 1 and 2 could be operated 
far beyond the guaranteed power. 
The new ratings were as follows: 
Turbine, 60 ft head, 74.000 hp, 75 rpm; shaft diameter increased 


from 39 to 42 in. 
Generator, 60,000 kva, designed for runaway speed of 175 rpm. 


Runaway-speed tests were run on November 16, 1940, on unit 
No. 4, not to determine what the maximum runaway speed would 
be, but to gain g knowledge he f ioni f th i 
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under runaway-speed conditions and particularly in respect to the 
generator and thrust bearing. The unit was run at 175 rpm for 30 
min. With only 55.9 ft head it was necessary to produce an off- 
cam blade-gate relationship, namely, 17'/, deg BA and 73 per 
cent gate. 

This is what happened: The temperature of the thrust bearing 
plate flattened out in 23 min after rising from 60 to 91 C. The 
maximum oi] temperature was 56.5 C. The turbine bearing tem- 
perature did not exceed 55 C. The Kaplan oil-head gland 
temperature did not exceed 38 C. 

There was slight vertical vibration of the head cover 
0.020 in. at 6-ft radius. 

The vibration and noise at the draft-tube mandoor, from 
cavitation was terrific. Cavitation “implosions” occurred inter- 
mittently, sometimes 15 sec apart, sometimes only 5 or 6 sec, but 
the greater the interval the heavier the implosion. Each im- 
plosion was accompanied by a “sheet-lightning”’ effect in the 
tailrace—visible even in daytime. Building joints in the sub- 
structure opened up and let out a sheet of water with each im- 
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came to the surface in front of the forebay intake and the head 
gutes were “banged around.” There was no shaft whip, but a 
transverse deflection occurred amounting to 0.013 in. at the tur- 
bine-generator coupling as compared with 0.008 in. at normal 
speed. The vertically upward deflection of the rotating elements 
was 0.035 in, at 175 rpm, as compared with 0.006 in, at normal 
speed of 75 rpm 

Note that in Fig. 7(), which shows the deceleration subse- 
quent to this run, the closing rate of the gates was much slower 
than on the test of unit No, 2 shown in Fig. 7(a), closure from 
73.5 per cent opening to speed-no-load position being performed in 
approximately 8 min. This may or may not have had some effect 
on instability of the rotating elements. However, attention is 
called to (a) the greater stability of the 42-in. shaft as compared 
with 30 in. on units Nos, 1 and 2, and (b) the greater weights of 
shafting and generator rotor, It is the author’s opinion that 
there was very little difference between the hydraulic forces on the 
first two units and those installed later and that the greatly in- 
creased stability at higher than normal] speeds on units Nos. 3 to 10 
was due to (a f 
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The immediate report of the turbine manufacturer's representa- 
tive to his home office after this test was “thirty-minute over- 
’ Complete inspection of the 
unit occupied the next day or two. There was no damage to the 
turbine except that over considerable areas paint was removed 
from the runner and in certain localized areas the metal was 
roughened slightly. 


speed test completed successfully.’ 


INSPECTION Suows Drarr TuBe Damace 


On November 19, however, when the draft tube was pumped 
out, it was found that the horizontal splitter was broken out for 
about 4 ft from the upstream nose. The heavy reinforcing steel 
was bent almost straight upward by reaction effects from the bot- 
tom of the tube. Cracks extended back several feet along the side 
walls [see Figs. 8(a) and 8(b), views of damaged splitter, and Fig. 
9, over-all dimensions of draft tube |. The damaged splitter was 


repaired by cutting it back about 6 ft from, and parallel to, the 
original leading end. The nose was then rounded about as before 
but somewhat thicker. The unit has been operating satisfactorily 
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The upstream end of this splitter had been designed structurally 

for a load of 300 psf. This has proved satisfactory for normal con- 

ditions but inadequate for the prolonged incalculable shock loads 

produced by severe cavitation during the thirty-minute runaway 

speed test. To permit additional reinforcing, the manufacturer 

has, on subsequent jobs, increased the thickness of the nose of the 

horizontal splitter and furnished a rolled surface plate for a con- 
siderable portion of the splitter as illustrated in Fig. 9. 
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Repucine Runaway 


Runaway speed of a Kaplan turbine may be reduced by design- 
ing the blade mechanism to limit the movement of the blades to 
some minimum pitch—say, 16'/:deg, rather than allowing them to 
go on down to 6 deg (see Fig. 2). In other words, at loads below 
that requiring 16'/, deg pitch and best gate opening, the turbine 
would be a fixed-blade propeller turbine. There is an additional 
advantage in this. Standard practice is to machine the periphery 
of the blades when in the flat or 0-deg blade-angle position. As 
the pitch increases, the clearance and leakage at the periphery in- 
crease. By machining at 16'/: deg to the contour of the dis- 
charge ring, the clearance at the higher blade angles is reduced, 
thus increasing the efficiency appreciably. The disadvantage of 
this limitation is, of course, loss of efficiency at low loads. How- 
ever, this is sometimes of little importance, particularly in a plant 
containing a large number of units. 

Fig. 10 indicates the difference in the peripheral clearance at the 
maximum blade angle when the runner is machined with blades 
in the flat position (clearance A) and in the 16'/-deg position 
(clearance B). Fig. 11 shows the difference in efficiency on a 12- 
in-diam model runner. 

This entire runaway-speed situation was considered very 
thoroughly by the Corps of Engineers, U. 5. Army, in connection 
with the McNary Project on the Columbia River in the Walla 
Walla, Washington, District, and also, of course, by the turbine 
manufacturer. There are presently on order for this development 
fourteen units with 280-in-diam runners rated at 80-ft head, 
111,300 hp at 85.7 rpm. Heads ranging from 62 to 92 ft will be 
encountered and, therefore, wide variations in sigma and runaway 
speed. 

Fig. 12 shows the expected runaway speeds of the prototype 
at heads of 92, 85, and 80 ft at the several critical blade angles, 
based on laboratory tests of a 12-in-diam model. It will be noted 
that at the 6-deg blade angle, the maximum off-cam runaway 
speed would be at 252 rpm and on-cam 186 rpm, whereas, if the 
minimum blade angle is limited to 16'/, deg, the corresponding 
figures would be 217 and 178 rpm, respectively. 

After due consideration to all factors, it was decided to limit the 
blade pitch to a minimum to 16'/, deg. This decision results in 
the following: 


1 Improved efficiency in the range of loads to be carried (but a 
sacrifice in efficiency if low loads were to be carried as might be 
the case in other plants). 

2 Greatly reduced off-cam runaway speed. The generators 
have been designed for 190 rpm, 87.5 per cent of the maximum 
off-cam speed. 

3 Reduced capacity requirements for governor oi] pumps, 
pressure and sump tanks. 

4 Probably less ultimate maintenance of the discharge ring. 
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Discussion 


RK. A. Bavory.’ The tests made on the Bonneville units are of 
particular interest in that they show the existence of violent shaft 
and supporting-structure vibrations, which undoubtedly reduce 
the caleulated factor of safety of the turbine and generator struc- 
tures when operating at maximum speed. 

Any move made to alleviate such conditions will be welcomed by 
the electric manufacturers. The blocking of the blades to an 
angle of 16 deg is desirable, providing it is made in such a way that 
under any circumstance the blades cannot move to a smaller 
angle. 

On Kaplan turbines the hydraulic thrusts are much larger than 
on other types of turbines thus introducing a more difficult 
starting condition for the generator thrust bearing. On one of the 
early Kaplan installations the blade angles were limited so as to 
reduce the thrust load during the starting period. Consequently, 
if this effect also applies to the modern Kaplan design, the limi- 
tation in blade angle to a minimum will benefit further the over-all 
performance 

It is of interest to note that the runaway speed of a Kaplan 
turbine usually will be less than the maximum possible under off- 
cam position, and that the “probability of reaching the maximum 
overspeed is very remote.’ Since the probability of running at 
such speed exists even if very remote, the generator certainly 
should be designed for this maximum speed. 

Under the severe vibrations which occur at runaway speed, the 
possibility of damage to the blade control mechanism certainly 
exists. In addition, there is always the possibility of the guiding 
vanes being jammed by logs or other foreign materials; a blade 
also could be bent and locked in any position. That the pos- 
sibility of such an incident exists is shown by the requirement of 
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designing machines for the maximum overspeed. Some hydro- 
electric operators even specify prolonged tests at the maximum 
overspeed condition 

Before recommending the use of che on-cam overspeed as the 
maximum speed to which a generator will operate, turbine manu- 
facturers and operators should weigh carefully the different 
factors. Recent investigations have shown that it always is dif- 
ficult to find out the number of overspeeds to which a hydro- 
electric unit has been submitted and also to determine the maxi- 
mum overspeed which was reached. Such information could be 
obtained only from graphic speed indicators always maintained in 
perfect condition 

Hydroelectric units are built to operate for many years; many 
That the 
policy of designing these machines for the maximum overspeed was 
wise is shown by the very few cases of accidents which could be 
attributed to overspeed. 


machines have now been operating more than 40 vears. 


It is certainly advisable to continue this 
policy if the same good record of operation is expected from the 
new machines, 

The development of positive methods of limiting the overspeed 
is highly desirable. It is hoped that the author will be able to 
continue his investigations of operation during runaway con- 
ditions and thus be able to further the art of limiting this un- 
desirable operating condition. 


ID). Braixarp.! The propeller-type turbine was a revolu- 
tionary contribution to the hydroelectric field. Its high “specific 
speed” resulted in the highest possible rotative speed for a given 
set of hydraulic conditions. This, in turn, reduced size of gener- 
ator and spacing of units and thus permitted the development 
of low-head sites that otherwise might not have been economical. 
The Kaplan turbine, maintaining high efficiency at part load 
On the 
other hand, the high runaway speed and hydraulic thrust of this 
type of turbine multiplied the problems of generator design. 


and under variable heads, gave an even greater impetus 


‘The request for a hydrogenerator must specify the runaway 
speed of the turbine. It is standard practice to provide for this 
The 
generator suppher is responsible for maintaining proper factors of 
safety at that runaway speed 


runaway speed in the mechanical design of the generator 


The generator supplier is not re- 
sponsible for damage that may result from operation above the 
specified runaway speed 

With older 


sibility of exeeeding the runaway speed for which the generator 


types of turbines there has seemed little pos- 
was designed unless some obvious and major change was made, 
such as an increase of operating head or the substitution of a dif- 
When the turbine is of the Kaplan type, there is 
the possibility, as the author states, that a generator designed for 


ferent runner 


the on-cam (or lower) runaway speed might attain the off-cam 
(or higher) runaway speed. The decision as to the probability of 
exceeding an assumed reduced value of runaway speed must lie 
with the prospective owner. He alone must balance the saving in 
initial cost against the risk of very serious damage that might re- 
sult from exceeding the design value of runaway speed. 

The author has given a valuable exposition of the factors on 
which this decision may be based. He has indicated that, for his 
company’s designs, the blades tend to open and the gates to close 
so as to avoid maximum runaway. We hope the discussion will 
show whether the same tendency is inherent in turbines designed 
by other companies. It appears inconsistent to propose using the 
on-cam value for generator design while basing the design of the 
turbine parts on the higher value. 


In the early days of the Kaplan turbine in this country, the off- 
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cam or maximum runaway speed was used generally for generator 
design. The prevalence of *his type of installation led, to the 
development of special steels for rotor rims, having the desired 
mechanical properties without sacrifice of magnetic properties. 
In the majority of cases we have known, a design for the maximum 
runaway was feasible. 

The author implies that units Nos. 3 to 10 at Bonneville are an 
exception to this statement. Because of a difference in the basis of 
temperature guarantee, the 60,000 kva generators are actually 
more than 25 per cent larger than the 48,000 kva units Nos. 1 and 
2. Even so, the larger units could have been designed for the 216- 
rpm runaway speed used for the original and smaller units, but at 
the expense of an increase of about 250,000 |b in rotor weight as 
compared with units Nos. 1 and 2. Based on the runaway speed 
of 175 rpm, which the purchaser specified, the rotor weight in- 
creased only 70,000 Ib and it was found possible to employ dupli- 
cate thrust bearings, with obvious benefits to the purchaser in the 
way of spare parts. 

The Rione project in Uruguay is one of the few cases where it 
seemed impossible to meet the full off-eam runaway with normal 
construction and factors of safety. These units are rated 32,000 
kva at 125 rpm. The off-cam runaway is 365 rpm, the on-cam 
value 310 rpm. When American industry was brought in, pit 
liners already had been installed for three of the four units, thus 
establishing a greater than normal diameter for the generator. 
With this handicap, the generator stresses at 365 rpm exceeded 
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good practice and the customer's engineers finally specified a 
runaway speed of 330 rpm for design. 

Difficulty in designing the generator for maximum overspeed 
should be experienced only in units of exceptional size or un- 
usually high speed, such as those at MeNary. In such extreme 
cases, design for the off-cam value of runaway might require the 
use of smaller units and a correspondingly larger number of 
units. 

The MeNary generators are rated 73,684 kva at 85.7 rpm. 
Beeause of a low value of guaranteed transient reactance, these 
units have the physical size of 90,000 kva generators of standard 
characteristics, making them among the heaviest and largest-di- 
As the author has stated, 
the generator is being designed for the runaway speed of 190 rpm 
specified by the purchaser. The generator could have been de- 
signed to meet a runaway speed of 217 rpm, but the value of 252 


ameter hydrogenerators vet designed 


rpm would have been difficult if not impossible to meet with 
usual construction, Since the thrust bearing load is already 
4,000,000 Ib as compared with 3,000,000 Ib at Bonneville, hitherto 
the largest known, any reasonable factor which avoids increasing 
that load seems desirable. 

With further reference to the McNary units, it would be in- 
structive to know the method used to prevent the blades from 
closing below 16 '/:deg. We understand that, in some cases, this 
has been accomplished through a fixed stop while in others the 
blade limit was adjusted by the operator. The latter procedure 
appears to increase the risk that the maximum runaway may occur, 
We would appreciate a more specific explanation of the basis for 
selecting 190 rpm runaway speed rather than 178 (maximum on- 
cam) or 217 (maximum off-cam) with blades blocked at 16'/, deg. 


W. K. Cave’ Prior to the award of a contract for the first 
two Bonneville units by the Corps of Engineers, to S. Morgan 
Smith in Mav, 1935, a careful investigation was made of all in- 
formation available concerning the maximum runaway speeds of 
Kaplan units. The large range in operating heads, 40 to 69 ft, 
and the selection of the very conservative speed of 75 rpm for the 
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normal speed of the turbines, were responsible for the fact that the 
indicated runaway speeds for the Bonneville units were considera- 
bly higher than those which would obtain at other installations. 

After due consideration of such factors as increase in generator 
cost resulting from the higher than normal overspeed design, the 
lack of prototype information, the installation of protective de- 
vices to afford the necessary safety rather than to rely alone on the 
strength of the revolving elements, and the effect on overspeed of 
limiting gate opening and blade angle, it was decided to specify 
that the generators and turbines would be designed for the es- 
timated maximum turbine runaway speed, namely, 216 rpm. 

As a result of model tests and prototype tests made on units 
Nos. 1 and 2 it was decided that the ratings of units Nos. 3 to 10 
would be increased to 54,000 kw, and that 175 rpm would be a 
safe overspeed to use in designing the generators. The estimated 
weight of rotating parts and hydraulic thrust required that the 
generator thrust bearing be designed for a load of approximately 


2,750,000 lb. 


_ means for the emergency closing of the wicket gates. 


Overspeed tests on unit No.4 were made to obtain greater knowl- 
edge of the functioning of the unit under overspeed conditions and 
were run to approximate the conditions that actually might exist 
on governor failure. The time of 30 min was picked with due 
consideration of the time that would be required to close the in- 
take service gates using the intake gantry crane, and the time re- 
quired to investigate the temperature rise of the thrust bearing. 

The McNary Dam project of the Corps of Engineers located on 
the Columbia River will have an initial installation of fourteen 
70,000-kw units at 85.7 rpm and an ultimate installation of twenty 
70,000-kw units, the range in net head being from 62 to 92 ft, the 
minimum head occurring under high river flow conditions. The 
first units are scheduled to go into operation in December, 1953. 

Prior to advertising for bids for the McNary generators, the 
generator manufacturers expressed reluctance to design gen- 
erators of this size and speed, which would be physically the 
largest generators ever to be designed, to withstand, without ex- 
ceeding the allowable working stresses, an overspeed greater than 
200 rpm. 

As a result of model runaway-speed tests and after investi- 
gating the operating characteristics of several Kaplan units 
operating at various blade angles and heads up to 86 ft, it was de- 
cided to restrict the blade angle of the prototype to a minimum of 
16 '/, deg. At this blade angle the maximum speed for any head 
is less than 217 rpm off-cam and less than 178 rpm on-cam. The 
runner is being machined with the blades in the 16 '/» deg posi- 
tion, as shown in Fig. 10 of the paper. The generators being fur- 
nished by the General Electric Company are being designed to 
withstand a maximum speed of 190 rpm, without exceeding the 
allowable working stresses. The thrust bearings are being de- 
signed for a load of approximately 4,000,000 Ib. 

In view of the high operating head at MeNary, the service 
gates for the units will be operated hydraulically with provisions 
for remote control. Three gates, approximately 20 ft x 50 ft, are 
required per unit and are designed for closing in approximately 4 
min. In addition, a motor-operated adjustable stop, auto- 
matically controlled by a net head device, is being furnished on 
one gate servomotor of each turbine with which the motion of the 
turbine gates in the opening direction is positively limited in order 
to prevent overloading the generator during periods of high head. 
This also will limit the runaway speed to a predetermined value 
in case of full-load rejection and failure of governor oil pressure. 

In order to make additional prototype tests which could not be 
made at Bonneville, one unit at MeNary is being equipped with 
These pro- 
visions consist of a motor-operated pump and the necessary valves 
and piping connections, so that the pump and its connections can 
be isolated from the governor oil-pressure system, and so that, 
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when so isolated, the pump can be operated to close the gates in 
less than 5 min. 

While at Bonneville it has been demonstrated that the units can 
operate safely at speeds which would result from fuil-load re- 
jection and loss of governor oil pressure, the secondary results are 
such that it has been considered desirable to provide for a faster 
method of shutting the unit down under such emergency con- 
ditions other than by closure of the head gates by use of the 
gantry crane. 

The system selected for installation consists of a valving 
arrangement whereby the governor oil-pressure system is isolated 
near the gate servomotors, and the gate servomotors con- 
nected through a four-way valve to an oil-pressure tank connected 
through a pressure-reducing valve to a standard nitrogen cy! 
inder charged to 2200 psi at room temperature and which had 
adequate gas to furnish the oil displacement volume at 300 psi to 
effect seven wicket-gate closures. This system was selected be- 
cause of its compactness, self-contained power, and low cost of in- 
stallation and upkeep. 


J. J. Hart.* In the case of a Kaplan turbine the overspeed is 
most important in the design of a generator since other considera- 
tions such as WR? are usually obtained automatically if the 
mechanical requirements are met for the higher overspeed of the 
turbine. 

The suggestion that the overspeed be reduced by restricting 
the minimum angle to which the runner blades can be pitched 
seems to be an excellent one. The usual hydroelectric instal- 
lation would not require the turbine to operate at this light lead 
and even if it was required to do so, it is probable that the loss of 
efficiency at this load would not be very important. However, 
this would have to be determined by the ultimate customer in 
each case. 

Before a generator is purchased to the on-cam instead of the 
off-cam runaway speed the purchaser should, consider carefully 
all possibilities and particularly the following: 


1 The design limits or so-called factor of safety of the generator 
design. 

2 The possibility of the turbine ever reaching the off-cam 
runaway speed. 


3. The possible damage in case of failure. 
The following is a brief discussion of these points: 


1 It has become standard practice in the United States to 
limit stresses in rotor parts to */, of the yield point at the run- 
away speed, and in some cases this is required by customer's con- 
tracts, although it is adhered to in any case. As an example of 
the variation in stresses involved, consider a generator with an 
on-cam runaway speed of 175 rpm and an off-cam runaway speed of 
216rpm. Such a generator would have rotor stresses increased by 
52 per cent by going from the on-cam to the off-cam runaway 
speed. This would increase the calculated stresses (o a point just 
beyond the yield point. 

It is important to recognize that the purpose of a factor of 
safety is to take care of unknown quantities either in method of 
caleulation of complex problems or in unknown variations in the 
strength of the materials. Although every effort is made to elimi- 
nate these unknowns by exhaustive tests of materials going 
into a generator rotor, it is doubtful that any generator manu- 
faecturer would consider reducing the factor of safety of the rotor. 
This would mean, in effect, that the generator manufacturer 
would only guarantee the generator for the maximum overspeed 
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specified in the contract and would be unwilling to stress rotor 
parts above */, yield point. 

2) It appears improbable that a Kaplan turbine would ever 
accidently reach the off-cam runaway speed, although not en- 
tirely impossible. One method of accidentally obtaining maxi- 
mum off-cam runaway speed would be for the blade control 
valve to jam so that it does not follow the cam, and then for a log 
or other foreign matter to lock the gates. Ii these two con- 
ditions occurred so that blades and gates were locked at the worst 
possible position, then maximum off-cam speed would be obtained 
whereas if they locked in some intermediate position the runaway 
Per- 
haps there are other cases where maximum speed could be ob- 


speed would be intermediate between off-cam and on-cam 


tained due to carelessness or improper maintenance on the part of 
the operating personnel. While it seems improbable that the max- 
imum off-cam speed would ever be obtained, it must be remem- 
bered that where a large number of units are operated over a long 
period of time, it is not entirely impossible 

3. The damage in case of a failure of the generator rotor would 
be catastrophic. Each field pole often weighs 2000 Ib or more 
and would be traveling at a speed in excess of 200 mph. Many 
such field poles could lay down a fairly effective artillery barrage 
in addition to the damage possible from the heavy rotor rim 
This would wreck not only the generator involved, but probably 
adjacent generators in the same power station in addition to pos- 
sible damage to personne! 

The customer should consider the foregoing three points in de- 
termining the magnitude of the overspeed to incorporate in the 
specication 

In conclusion, it would seem that the customer should take 
full responsibility for any damage caused by operation of the 
generator at a speed in excess of that required by the contract 
specification. It also would appear that a safer method of 
reducing overspeed in Kaplan units would be the more positive 
reduction of the minimum angle to which the blades can be 
pitched, especially since in most installations this would not 
affect the efficiency of operation materially. 


W. BK. Hess.’ The remarkable agreement of field-test data 
with the model tests and the additional quantitative information 
presented in the paper permits a more intelligent analysis of the 
factors effecting maximum speed most probably attainable 
From this should evolve a standard practice procedure or specifi- 
cation that will be mutually beneficial to turbine manufacturer 
generator manufacturer, and purchaser. 

The combination of factors necessary to obtain even the on-cam 
runaway speed appears a rather remote probability on a turbine 
designed for balanced wicket-gate opening near the normal speed- 
no-load position and with the blade center of pressure toward the 
opening direction, The two most probable failures leading to 
runaway are believed to be (1) pressure failure in the control 
system, and (2) fracture of the servo linkages 

In either of these cases the generator would have to be tripped 
from the load and this most likely would occur only in an isolated 
system. Furthermore, in the event of such failures the blades 
would attain maximum opening and the wicket gates approxi- 
mately 20 per cent of full opening with a resulting speed near nor- 
mal. Since the Kaplan-type turbine is used at low heads, the 
gate-closure time can be rather fast, thus minimizing the tran- 
sient-speed rise. Considering all factors, it appears that on-cam 
runaway would be more than ample. The probability of ob- 
taining maximum off-cam runaway speeds is believed more remote 
than the failure of safety devices protecting equally valuable 
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equipment with potentially greater danger to operating per- 
sonnel. 

Modern design and construction of generator rotors provides an 
additional safety factor from failure due to overspeed. The 
utilization of steel plate in fabricated construction, the knowledge 
of structures gained from dynamic stress testing, and the added 
assurance of flawless materials obtained from the several nonde- 
structive tests available today, provide rotor structures far su- 
perior to those of 25 or more vears ago. 

Information from several rotor failures indicates that most of 
them oecurred in integrally cast rotors containing cracks or other 
flaws which created serious stress raisers. Although accurate 
data on speed attained before failure are not available, in most 
incidents it has not been as high as the design maximum. 

The seven Safe Harbor Kaplan units are designed for a max- 
imum off-cam runaway speed of 252 rpm. This speed is 2.52 
times normal speed on the 25-cycle units and 2.31 times normal on 
the 60-cyele units. There has been no case of excessive over- 
speed in 126 unit-years of operation. Records of differential 
pressures in the wicket gate and blade servomotors show the gates 
are hydraulically balanced very close to the normal speed-no-load 
position and that the center of pressure on the blades is toward 
the opening direction 

Machining the MeNary runners to design diameter at the 
higher blade position suggests an idea to investigate the possibility 
of increasing the blade area on presently installed runners that 
may be removed from the setting for repairs. Acknowledging 
the qualifications of units available, load schedules, and so forth, 
pointed out in the paper, it would appear that a slight increase in 
efficiency and an apparent appreciable gain in power could be 
realized. It does net appear a difficult task to weld the addi- 
tional metal to the blades and install a suitable stop in the blade 
servomotor to limit the minimum travel. 


Fk. VM. Lewss.. The runaway of a generating unit is a subject 
the operator often thinks of but hopes will never happen. What 
would cause a runaway, the speed the unit would attain, the 
method for again gaining control and the resulting damage, are 
the thoughts that are his concern. This paper should be of com- 
fort to those associated with Kaplan turbines in that the runaway 
might not be as serious as imagination has indicated. 

The off-cam runaway-speed tests, which are of great interest 
and furnish valuable data, are not the prime cencern of the 
operator. Runaways which might occur under normal or on- 
eam operating conditions are his major concern. With this in 
mind, it is thought that on-cam overspeed tests should be in- 
cluded in the test procedure. Suggested tests would be a series of 
overspeed tests, starting at speed-no-load and increasing the load 
by steps to full load. Each test would be performed by relieving 
the oil pressure on the governor system and then rejecting the 
load on the generator. In this way the speed and the movement 
of the gates and blades from normal speed and load to the ex- 
pected overspeed could be determined. The blades and gates 
would tend to move toward the hydraulic balance position. 
They would not reach this position because of any back pressure 
on the opening side of the servomotor pistons, mechanical friction — 
and friction of the blade packing. Such a test would simulate the 
overspeed that might develop during operation and probably do 
much toward relieving the operator's mental hazard. 

Two overspeed tests conducted at Bonneville might be of fur-— 
ther interest. The overspeed test on unit No. 3 was an on-cam 
run. The 53-58-ft cam was used and the gross head was 50 ft. : 
The maximum speed obtainable was 142 rpm at 58 per cent gate 
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and 22-deg blade angle. The ov wai test on unit No. 7 was an 
on-cam test. Due to temporary difficulties during erection, the 
blade angle was limited to between 20 and 32 deg instead of the 
normal 6 to 32 deg. With the abnormal minimum blade angle of 
20 deg, it was impossible to open the gates beyond 44 per cent with 
full 300 Ib oil pressure. The maximum speed was 125 rpm at 20- 
deg blade 44 per cent gate 

The limitation of the blade angle for the MeNary turbines to 16 
deg has merit. Operators’ experience at Bonneville has shown 
that blade angles of less than 16 deg are seldom used and of little 
value. A blade angle of 16 deg is normally used for starting the 
Bonneville units 


W.R. MacNamet.’ While the stresses in the generator rotor, 
induced by centrifugal force during overspeed, are by far the most 
dangerous and important, another element that is called upon for 
extra duty is the thrust bearing. 

If the thrust load were to remain unchanged as the unit over- 
speeds, it is obvious that the bearing temperature would rise con- 
siderably, due to the increase in speed. 

The largest single factor in determining the actual thrust load 
existing during overspeed is found to be the same as that deter- 
mining the degree of overspeed itself, namely, the angle of the 
runner blades. 

Three curves are shown in Fig. 13, each indicating how the 
turbine hydraulic thrust varies from normal to ultimate over- 
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speed. The lowest curve, labeled on-cam, shows that the 
thrust drops off rapidly as the unit speeds up. This curve is 
approximately correct for overspeed occurring at any gate open- 
ing over the normal operating range, providing the on-cam re- 
lation is maintained. It also represents the maximum thrust ob- 
tainable if it is assumed that the blades rotate to the wide-open 
position. 

The second curve shows the thrust when the turbine gates are 
assumed to be wide open, but the blades blocked in the position 
producing maximum overspeed. 

For the third, and highest, curve it is assumed that the gates 
are wide open and the blades blocked in the extreme flat position. 
It may be noted that the abnormally high thrust occurs at normal 
speed, as well as at overspeed. Overspeed with this combination 
undoubtedly represents the possible overload on the 
thrust bearing. 

Referring to the Bonneville tests, unit No. 4 was operated at 
234 per cent normal speed, corresponding to the on-cam curve. 
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In this case the thrust-bearing temperature leveled off with a rise 
to 91 deg C. 

Unit No. 2 was operated at the maximum speed combination 
of gates and blades, but for a relatively short period. During 
3*/, min the thrust-bearing temperature rose rapidly from 60 C 
to 85 C. What the final temperature would have been is im- 
possible to say, but it seems probable that it would have been 
dangerously high. 

The author has discussed limitation of the minimum blade 
angle as shown in his Fig 10. This limitation also has the advan- 
tage of reducing possible hazard to the thrust bearing during pro- 
longed runaway speed, not only by reducing the speed but also by 
reducing the thrust load. 


D. J. MeCormack.'® Throughout the years several bad run- 
aways of hydroelectric units have occurred, the most publicized 
being the following: 

The vertical units at Niagara Falls on the American side. 

Cazadero Plant of the Portland Railway Light & Power 
Company, where 5 horizontal units were torn out one after an- 
other. 

Ontario Power Plant, Niagara Falls: A twin horizontal tur- 
bine and generator went up through the roof during World War I. 

Alabama Power Company Lock 12 Plant: A large vertical 
unit was put out of commission by the generator rotor blowing up. 

Tennessee Valley Authority: The generator of a 15,000-hp 
horizontal unit went up through the roof and tore out part of the 
side of the building. 

The resulting damage of each of these occurrences was very 
costly. To prevent such cases happening with Kaplan units is an 
important subject because of the relatively bigh cost of such units 
and the large ratio of runaway to normal speed as outlined in the 
paper. 

After the Cazadero accident, the Portland Company insistéd 
upon a runaway-speed device mounted on the base plate of its 
horizontal generators in all plants having such units, consisting of 
a set of flyballs driven from the generator shaft and actuating a 4- 
way valve to admit high oil pressure to the closing side of the 
governor cylinder in case the overspeed exceeded, say, 25 percent 
above normal, Other plants on the West Coast were designed 
for and specified that the overspeed device should shoot penstock 
water into the closing side of the governor cylinder. Any such 
means is corrective and would not start to act until the speed had 
exceeded the normal amount for full load thrown off. 

Other means to anticipate the speed rise by starting to act 
quicker upon failure of governor pressure, failure of any part of 
the governor, gate mechanism, or blade mechanism should be 
left to the power system to decide on what they want, because of 
the many protective devices that could be worked out. 

Restricting the minimum blade angle to limit the magnitude of 
the runaway speed, as indicated in the paper, reduces the part 
gate of the Kaplan turbine—one of its main advantages. At the 
other end of the efficiency curve at full load the flat part of the 
curve is reduced in length at the high heads by the sigma value of 
the turbine for its setting with respect to tail water and at the same 
time meet the required generator capacity. 


W. J. Ruemcans."' The author states that there are two run- 
away speeds to be considered, tie off-cam runaway speed and the 
on-cam runaway speed. The difference between these two 
speeds is apparently 20 to 25 percent. The author also describes 
the conditions that have to be fulfilled to obtain the off-cam run- 
away speed and expresses the opinion that the probability of an 
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occurrence of the © embinetis ion n of ¢ conditions nec essary to produce 


maximum off-cam runaway speed while quite remote, is however, 
possible. 
The problem resolves itself to two main questions: 


1 What saving in cost can be achieved by designing the tur- 
bine and generator for the lower runaway speeds? 

2 Will this saving in cost warrant taking the chance of a fail- 
ure and break-up of the unit? 


The author states that it is not difficult or expensive to design 
and construct the turbine for maximum runaway speed. The 
writer concurs in this. Therefore the only major additional cost 
is with reference to the generators. 

The generator manufacturers usually increase the selling price 
of the generator about 1 per cent for each 5 per cent increase ot 
runaway speed above a normal runaway speed, which latter is 
100 per cent above rated speed for generators below 50,000 kva 
and 85 per cent for generators above 50,000 kva. 

Thus the difference in cost to the purchaser between a genera- 
tor designed for maximum off-cam runaway speed and one de- 
signed for the lower on-cam runaway speed is 4 to 5 per cent of the 
cost of the generator 

The question then becomes one of whether the purchaser of the 
unit wants to take the risk of a generator break-up for this 4 to 5 
per cent additional cost. A generator failure can be very costly, 
because not only will it do tremendous damage to the particular 
unit but it may damage adjacent units, auxiliary equipment, and 
even the power-plant structure. There have been few hydraulic 
unit failures resulting from runaway speed in the past 50 years 
This is due to the fact that both the turbines and generators were 
designed for maximum runaway a failure 
did occur the damage was extensive and out of all proportion to 
any savings that might have been attained by a design for lower 
maximum speed 


However, whenever 


The question of whether to design the generator for the high 
off-cam runaway speed or whether to design it for the on-cam run- 
away speed is a question which must be decided by the purchaser 
The turbine manufacturer's duty ends when he gives the estimated 
runaway speed for the two conditions, although he might be 
asked to give an opinion as to the possibility of the unit attaiming 
off-cam conditions and thus maximum runaway. 
manufacturers cannot be expected to decide the runaway speed 
for which to design the generator, because they are willing and 
able to design for the higher speed at an appropriate increase in 
cost. 

Hence the purchaser must determine whether the saving in the 
cost of the generator designed for the lower speed is sufficient to 
warrant the risk of a possible failure. It is really a question of in- 
surance 


The generator 


and the cost of such insurance, 

Another factor to be taken into account is that for the lower- 
speed generators —say, below about 150 rpm-——there is about 
per cent inerease in WH? for each 5 per cent increase in maximum 
Since additional Wk? 
adds to the stability and general performance of a unit, it is a wel- 
come addition, especially for propeller-type turbines. Thus the 
increased cost for the higher-speed design not only reduces the 
possibility of a generator failure but adds to the over-all perform- 
ance of the unit. 


runaway-speed design of the generator. 


If the purchaser decides to use a generator designed for the 
lower on-cam runaway speed, there is an ummediate problem as to 
what maximum speed is attained by the unit during a runaway. 
If a failure should oecur, there is the question as to whether the 
unit failed at speeds below the designed runaway speed, or whether 
failure was caused by speeds above the design speed. There- 
fore it would seem secessary to have a recording tachometer 
attached to each unit, at least during the first vear of operation, 


Bs. AUGUST, 1952 

because this is the usual period for the guarantee of the equipment 

against failure. 

The author calls attention to the reduction of maximum run- 
away speed for both the off-cam and on-cam conditions when the 
minimum blade pitch is limited to 16'/,; deg. Since the limitation 
of the minimum blade pitch partly defeats one of the main reasons 
for use of an adjustable-blade propeller turbine, namely, the 
highest efficiency at part loads, it becomes questionable whether 
this is a satisfactory solution of the runaway-speed problem. 

A fixed-blade propeller would have even a lower runaway speed, 
increased maximum efficiency (due to less peripheral clearance ) 
and would eliminate entirely the blade servomotor, thus reducing 
still further the capacity requirements for governor oil pumps, 
pressure and sump tanks. This might then become a good argu- 
ment for the use of fixed-blade propeller turbines with their lower 
runaway speeds, lower initial costs, and lower maintenance costs. 

However, here again it seems to be a question for the purchaser 
to decide, whether the sacrifice of efficiency at part loads is com- 
pensated for by the reduced cost of a generator for lower runaway 
speeds, 


R. A. E. A. Woopueap." The writers have 
been concerned with two Kaplan installations in recent years, 
namely, the Lower Salmon Hydroelectric Development and the 
Bliss Hydroelectric Development, both of the Idaho Power Com- 
pany. Each of these plants has one Kaplan unit. the remainder 
being fixed-blade propeller units. 

Physical data are given in Table 1 of this discussion. 


TABLE 1 PHYSICAL DATA OF 


HYDROELECTRIC 


LOWER SAL on AND 
DEVELOPMENT 


BLISS 


Lower Salmon: 
No. of fixed-blade units 
No. of Kaplan units 
Rated head, fr 
Rated kw 
Rated speed. rpm 
Max. design head, ft 
On-cam runaway, rpm 
Overspeed, per cent 
Off-cam runaway. rpm 
Overspeed. per cent 
Generator designed for rpm 
Bliss: 
No. of fixed blade units... _ 
No. of Kaplan units pe 
Rated head, ft 
Rated kw 
Rated speed, rpm 
Max. design head, ft 
On-cam runaway, rpm 
Overspeed, per cent 
Off-cam runaway, rpm 
Overspeed, per cent 
Generator designed for rpm 


® Overspeed as given here is in accordance with generator manufacturer's 


usage 
+ Provision for 3 units, 


In each of these plants the fixed-blade units are normally 


operated at or near best efficiency while the Kaplan turbine takes _ 


care of load variations over its full range of output. Each plant 
supplies peak-load requirements by drawing on its pondage, partic- 
ularly during fall and winter months when river flow is normally 
less than maximum requirements. In the design, the possibility 
of limiting runaway speed by fixing a minimum blade angle much 

reater than normal was not considered seriously, but if it had 
been, the detrimental effects on part-load efficiency, with con- 
sequent waste of water, undoubtedly would have been a factor in 
deciding against this course. We did consider limiting the maxi- 
mum gate opening at increased head by means of an automati- 
cally variable gate stop but this was considered an undesirable 
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; complication, liable also to be rendered inoperative deliberately 
times of emergency. 
7” We are inclined toward off-cam runaway provision where gen- 
erator manufactuvers experience no difficulty in meeting runaway 
: _ When first placing the Lower Salmon and Bliss units in service 
the blade angle was 6 deg at the zero position of gates. This flat 
position of blades made it necessary to open the wickets a con- 
siderable distance in starting the machine. It would then accel- 
= faster, and, being on the governor the gates would then re- 
turn to closed position and remain so until the unit “drifted” 
_ down to normal where speed regulation took over and it was 
Bee to the line. 
4 No loss of time in returning a generator to service was ex- 
_—— perienced but on the part of the operators some alarm was felt 
; since it was not considered altogether safe to open the gates so 
wide ot initial starting after a unit has been out of service a con- 
siderable period of time 
The minimum blade angle was changed from 6 to 9'/, deg. We 
felt no compunction in doing this because the variation in opera- 
tion head from designed head was relatively small and no change 
in efficiencies was noticed. 

_ For conditions other than those obtaining in the installations 
discussed, particularly where the maximum head is large compared 
to the normal head, the writers believe that the limiting of run- 

away speed may be worth considering. 


R. B. ~While the author has avoided any specifie con- 

clusions in his paper, means are presented which justify the trend 
toward the selection of lower runaway speeds in the purchase of 
generators for adjustable-blade propeller turbines. In certain in- 
stances an additional advantage may be gained by the use of con- 
trol devices outlined in the following 

It is usually the case that Kaplan turbines are required to 

_ Operate over relatively wide ranges of head. The maximum head 
may be considerably above the normal head for which the gener- 

ator capacity has A twofold purpose is 
accomplished by a ¢ontrol device now being installed on some 
turbines. This unit limits the wicket-gate opening in inverse pro- 
portion to the net head of the turbine. As the head increases, 
gate opening is controlled to prevent overload of the generator. 
The protective device consists of a positive mechanical stop for 
the gates, automatically positioned to suit the net head available 
If the gates approach the mechanical stop, a limit switch actuates 
the governor load-limit-adjusting motor to hold the gates just 
short of actual contact. In the event of any failure in the gover- 
nor equipment, the mechanical stop provides positive back-up 
protection. Except for the secondary effect of sigma on runaway 
speed with respect to gate opening, as illustrated in the author's 
Fig. 2, it is a general rule that runaway speed increases as gate 
opening is increased. Therefore the control described serves to 
reduce the possible overspeed in many applications if the off-cam 
runaway is being considered. 

Another safety feature which has been suggested is an over- 
speed operated solenoid in the governor, designed to position the 
main Kaplan relay valve so as to effect opening of the runner 
blades in the event of an abnormal rise in speed. Even in the 
event of simultaneous loss of governor oil pressure, such posi- 
tioning of the main Kaplan valve would remove the possibility of 
locking the blade hydraulically in a dangerous position, such as 
would be the case were the Kaplan valve to remain in its mid- 
position. Since the hydraulic torque on the runner blades, tend- 
ing to open them, increases with an increase in speed, and, at the 
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same time, the downward hydraulic thrust on the blades, and con- 
sequently the bearing-friction load, tends to decrease, the blades 
cannot but assume their steepest position if free to move. This 
is illustrated by the author’s Fig. 5, as well as his experience in the 
Bonneville test of unit No. 2. Other turbine manufacturers also 
have confirmed this tendency. 

The use of such controls, together with those presently in use, 
such as shutdown controls for overspeed and low oil pressure, 
would minimize the risk in using an overspeed approaching the 
on-cam value, as a basis for generator design. It must be 
considered, however, that the cam controlling the position of 
the runner blades is manually adjustable to suit the varying head 
on a turbine. If this is set for a low head and is not readjusted 
as the head increases to its maximum value, it may be possible 
to develop an overspeed somewhat higher than the on-cam run- 
away speed. If this factor is considered in determining the maxi- 
mum attainable speed, a practically impossible sequence of fail- 
ures would be required for such a speed to be exceeded. Cer- 
tainly the risk so incurred would be far less than that encountered 
in the steam-turbine field, where an unfortunate sequence of fail- 
ures would result in a runaway speed very much above that con- 
side ed in the generator design. 

The writer had an opportunity to participate in a series of tests 
recently, which may assist in explaining the behavior of the 
Bonneville unit No. 1 when operating at an overspeed of 130 rpm. 
Those tests were made because of a number of ship-propeller tail- 
shaft failures which, in appearance and performance, suggested 
the possibility of a resonant vibration at normal operating speed, 
although the critical speed was catculated to be much higher. It 
is well known that the thrust on each propeller blade varies during 
every revolution because of interference of the hull. In the labo- 
ratory, a model assembly of the shaft and propeller was run at 
varying speeds, each vane having to pass through an air jet to 
simulate an unbalanced thrust. Not one, but two critical specds 
were found to exist, occurring at speeds much lower than the true 
first critical, namely, that value determined when the propeller 
was not subjected to the air jet. For different propellers having 
the same conventional first critical, the extra criticals occurred at 
iower speeds as the number of vanes was increased. In the case 
of a turbine, the radial or axial thrust on the runner blades might 
vary as they pass from the small to the large side of the scroll 

ase, or as they pass an off-center vortex in the draft tube 


T. Zowsk1." Turbine runaway speed is usually an important 
factor requiring careful consideration in specifying and designing 
equipment for installations involving Kaplan turbines. In thecase 
of a number of Kaplan installation projects for which the engineer- 
ing services were performed by the consulting organization with 
which the writer is associated, our studies and subsequent review 
of all relevant factors with the purchaser resulted in the purchase 
of generators for the maximum off-cam runaway speed. It has 
been our experience that generator manufacturers are reluctant to 
design their machines for an overspeed lower than the maximum 
off-cam and to guarantee them on that basis, because in the event 
of damage resulting from runaway it may not be possible to deter- 
mine exactly how much overspeed actually was attained. 

Anexception to our practice of specifying maximum off-cam run- 
away speed is the Rio Negro Project where the maximum head of 
105 ft is substantially higher than the turbine design head of 69.2 
ft, resulting in a maximum calculated off-cam runaway speed of 
2.92 times normal synchronous speed. It was not considered 
economical to design the generators for this high overspeed; there- 
fore a gate servomotor stop-nut mechanism was provided which 
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automatically limits the gate opening under high heads so the 
maximum runaway speed will never exceed 2.60 times normal, 
It can be argued that this protective mechanism is not absolutely 
immune from malfunctioning or failure, and its reliability has 
limits, as do most other protective devices, including the anti- 
runaway blade mechanism (‘“‘antiracing hydrobrake”) featured 
by a turbine manufacturer in England. However, the proba- 
bility of its failure occurring simultaneously with the existence of 


all the other factors pointed out by the author as necessary for 
attaining the maximum runaway speed, may be considered suf- 
ficiently remote. The saving in cost of the Rio Negro generators 
due to the limitation of maximum runaway speed was approxi- 
mately 7 per cent. 

‘The positive limitation of runaway speed by restricting the mini- 
mum blade angle appears to constitute a very practical solution. 
The resultant loss of efficiency in the range of small loads may be 
insignificant in multiple-unit plants where the turbines can be 
operated primarily in the range of larger gate openings. The loss 
may then be outweighed by the remarkable increase in efficiency 
It is worth 
noting that the efficiency loss at small loads is relatively smaller on 
jower-head Kaplan turbines owing to their characteristic lower 
part-load efficiencies 


made possible by the reduced blade-tip clearances. 


CLosuRE 


The importance of the subject with which the paper is con- 
cerned is evidenced by the large number of excellent discussions 
hy engineers who are among the best qualified in their respective 
It will be noted that of 
those who discuss the paper, three are employees of generator 
manufacturers, four are or have recently been employees of tur- 


phases of the hydroelectric business. 


bine manufacturers, two are in consulting engineering, and three 
Let us 
try to summarize and get the opinion of each group on the 
question: 


represent the viewpoint of turbine owners and operators. 


Should the generator be designed for the maximum 
off-cam or for the on-eam runaway speed? In doing this let 
us keep in mind three things: 


(1) The discussions are by individuals, and are not necessarily 
the “official opinions of the companies they represent. 
2) The discussions represent the thinking of the individuals 


(e) 


at the time they were written and as time goes on there may be 
other considerations which might cause them to change their 
minds, 

(3) The following is only the author's interpretation of the 
opinions of the individuals on this question, 


Those emploved by generator manufacturers think that, if 

possible, the generator should be designed for the maximum 

=f runaway speed that can occur but are willing to build it for some- 
2 thing less than this if for good reason the purchaser so directs. 
Reading between the lines the author gathers that they would 
like to have the purchaser specify one and only one overspeed 

figure and that is it with no “‘ifs,’’ 


“ands,”’ or “‘buts,’’ about “‘on- 
cam’ or “off-cam’’ or any other qualifications which the peculiari- 

i ties of the turbine introduce. To sum up briefly, they say 
design the generator for the maximum overspeed but do every- 
thing you can to hold it as low as possible. 

Those representing turbine manufacturers have all contributed 
valuable and greatly appreciated data to the paper. Mr. Willi 
says “means are presented which justify the trend toward the se- 
lection of lower runaway speeds in the purchase of generators for 
adjustable-blade propeller turbines’? and offers suggestions re- 
carding the use of preventive devices. Mr. Rheingans leans to- 

ward designing for maximum off-cam—the decision resting with 
the purchaser on the basis of cost versus the degree of improba- 
Mr. MeCormack ad- 


bility of destructive overspeed occurring. 
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vocates protection against the maximum runaway speed. Mr. 
MacNamee has dealt principally with thrust considerations. The 
specific question we are considering in the closure is not answered 
one way or the other with unanimity by this group. 

The two hydroelectric consultants concur in the opinion that 
unless it is impracticable, the generator should be designed for 
the maximum possible overspeed. 

In considering the discussions of these three groups, it must 
be realized that they feel a great responsibility to the purchasers 
of their equipment and services. 
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The three discussions from those representing owners of hydro- 
electric equipment collectively, are probably the most forthright 
ofall. The men of this group represent those who, after weighing 
all the data, have to make the final decision. Therefore, as com- 
pared to the first three groups, they can be relatively more out- 
spoken. 

Mr. Hess, who for over 20 vears has been in close contact with 
the first large Kaplan turbines on this continent, says “Considering 
all factors, it appears that on-cam runaway should be more than 
ample.”’ 

Mr. Cave and Mr. Lewis as evidenced by what has actually 
been done at Bonneville and McNary, think that the generator 
need not be designed for the maximum off-cam runaway, however, 
in both cases they have gone slightly higher than the on-cam runa- 
way. 

A very interesting item of Mr, Lewis's discussion is that on 
Bonneville Unit No. 7, a test showed that with 20-deg blade angle 
and 125 rpm (67 per cent overspeed) it was found impossible to 
open the wicket gates beyond 44 per cent. No doubt, at this 
speed, the force of the whirling water acting upon the tips of 
the gates created much higher than norma! forces in the closing 
direction. The overlapping of the gates in this position mini- 
mized the effect of the force on the portion of the gates outside of 
the gate stem circle so that almost the entire effect was on the 
inner tips of the gates thus resisting the effort of the servomotors 
trying to open them. This is another factor tending toward 
runaway speed lower than the maximum off-cam. 

In conclusion, the data in the paper, in the author's opinion, 
fully support the decisions of the Corps of Engineers in respect to 
runaway speed at Bonneville and MeNary. In the case of 
MeNary, the author approves of the limiting of the minimum 
blade angle because it results in higher efficiency at the loads 
where these particular units will operate 
away speed being of secondary benefit. 
curs with Mr. Hess, 

Assuming that the turbine manufacturers in their Kaplan 
turbine bids continue to give both the maximum off-cam and the 
on-cam runaway speed figures, the author, if representing a 
purchaser would proceed somewhat as follows: 


(1) Obtain generator prices for at least the two runaway 
speeds and, if over-all considerations warrant it, for one or more 
intermediate overspeeds. 

(2) Obtain assurance from the turbine manufacturer that, 
even at normal speed, his blades are in reasonably good hydraulic 
balance, preferably with some unbalance tending toward the 
opening direction so that, if free to move, they would drift open 
from any position below mid-position. In case of runaway, as the 
speed increases above normal, the forces tending to open the 
blades will greatly increase. 

(3) Consider the cost and degree of reliability of all possible 
safety devices to limit runaway speed to that on-cam or below. 


the lower off-cam run- 
The author also con- 


In the author's opinion, by following this process and applying 
it to the particular units under consideration, the purchaser's 
engineers will, in many cases, find adequate justification for 
purchasing the generator for the on-cam runaway speed 
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Contributions to Hydraulic 


Steady-State Axial Forces on Control-Valve Pistons 


By SHIH-YING LEE! ano J. 


_ A theory is given of the origin of the steady-state force 
exerted upon a piston by fluid flowing past its corner, 
brief reference is made to a considerable body of experi- 
mental evidence in support of that theory, and a practical 
valve construction is described which very nearly elimi- 
nates that force. 
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_ Y ERY early in the work of the Dynamic Analysis and Con- 
\ trol Laboratory of the Massachusetts Institute of Tech- 
nology it became apparent that the satisfactory perform- 
ance of many of its assigned tasks would require the development 
of servomechanisms of considerably greater accuracy and speed of 
response than any that were then available. The acceleration re- 
quirements were so severe that no existing electric motors could 
be used, and the chance of developing satisfactory motors seemed 
rather remote. Accordingly, the laboratory started a program 
of research and development of flow-valve-controlled hydraulic 
servos. This program has resulted both in the development of a 
number of high-performance servos and in the accumulation of a 
store of information on hydraulic control, much of which has not 
been easily available and some of which is believed to be new. 
This paper is the first of a series which will summarize certain parts 
of this store of information in a form convenient for the designer. 
Many members of the laboratory have contributed to the work 
which is to be reported, but the principal contributors have been 
the following: The fundamental research on flow phenomena 
has been carried out by Dr. Shih-Ying Lee. The mechanical de- 
sign of the several types of flow valves developed by the labo- 
ratory has been done successively by Messrs. G. F. Kelly, John 
Bankas, and R. D. Atchley. Mr. Atchley has also been respon- 
sible for the development of the high-performance torque motors 
used with the valves, with assistance in the earlier phases of the 
work from Mr. Stanford D. Blitzer. Mr. Irving Kotlier has 
made a number of contributions to the theory and has been in 
charge of the test work, assisted by Mr. J. E. Drinkwine. The 
servo work has been done by Messrs. R. W. Bond and H. E. 
Blanton and, in its earlier stages, Mr. 8. B. Williams. 
The hydraulic and mechanical work was supervised by Dr. 
J. F. Blackburn, and the over-all direction of the laboratory was 
until recently in the hands of Prof. A. C. Hall, who is also re- 
sponsible for much of the basic theory of the flow valve as a 
servo element. 

The work to be reported in this series was supported by the 
Bureau of Ordnance, United States Navy, Contract NOrd 9661 
with the Division of Industrial Cooperation, Massachusetts Insti- 
tute of Technology. 
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In designing a hydraulic control valve for servo systems or 
similar applications, it is important to know the axial force 
necessary to operate the piston. This force has three principal 
components: namely, inertial force, which is easily calculable; 
friction, which can be estimated approximately; and a third and 
usually far larger force which is produced by the flow of the hy- 
draulic fluid through the metering orifices of the valve. Since 
there appears to be practically no information available on the 
origin of this last force or on methods for its reduction, it seems 
desirable to present the results of work performed in this field 
by the Hydraulic Section of the Dynamic Analysis and Control 
Laboratory. 


INTRODUCTION 


Or1GIn or Sreapy-State Force 


A typical control system using a 4-way valve is shown sche- 
matically in Fig. 1. When the piston is displaced to the right of 
its neutral position, as shown in the figure, fluid will flow from the 
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inlet line to the inlet chamber a, then through the upstream orifice 
6, metor line ¢, load (hydraulic motor or ram) d, motor line e, 
and downstream orifice f to the exit chamber and line g. If the 
piston is displaced to the left, the sequence is a-f'-e-d-c-h’-g’, which 
reverses the flow through the load. If the valve is overlapped or 
zero-lapped, only the two orifices, b and f, or the two orifices, 
f’ and b’, will be passing fluid at any one time. For the sake of 
simplicity, only this type of valve will be discussed for the re- 
mainder of this paper. The theory can be extended easily to other 
types of valves except for those in which projections from the 
sleeve extend into the spaces between the piston lands, thus de- 
stroying the static axial balance of the piston. 

The following theory is based upon three main assumptions: 
(1) The fluid is assumed to be essentially nonviscous and incom- 
pressible; this is approximately true in most practical cases. 
(2) The peripheral width of the orifice is assumed to be large com- 
pared with its axial length so that the flow can be considered to be 
two-dimensional. This is also true for small piston displace- 
ments in all valves and is approximately true for other cases. 
(3) The flow is assumed to be quasi-irrotational in a region im- 
mediately upstream from the orifice. This last assumption is far 
from the truth throughout most of the hydraulic circuit. How- 
ever, it is fairly well satisfied in the region of interest where the 
strong convergence of the flow lines as they approach the orifice 
assures that only a negligibly small fraction of the energy in the 
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fluid exists in the form of kinetic energy of rotation, and that 
practically all of it is either potential energy of the static head or 
kinetie energy of irrotational flow. In any event, all the 
surmptions are adequately justified by the excellent agreement be- 
tween the theory and the experimental results. 

With the assumptions that the flow is two-dimensional, irro- 
tational, nonviseous, and incompressible, the solution of the flow 


pattern in the region upstream from the orifice becomes a solu- 
tion of Laplace’s equation for the configuration shown in Fig. 2. 


PISTON 


Fie. 2) Square-Lanp Cuamper ConriguraTion 

This solution has been obtained by von Mises,* and it is found 
that for a square-land valve when the valve opening « is small 
compared with the other dimensions of the upstream chamber, 
the angle @ which the axis of the stream makes with the piston 
axis is cos! 0.36, or 69 deg. This value has been verified ex- 
perimentally both on actual valves and on a two-dimensional 
valve model with glass sides. — For lands with angles other than 
00 deg the value of @ also can be found either experimentally or 
theoretically. When @ is known, the axial force on the piston 
can be derived in the following manner: 

The axial force on the piston equals the axial component of the 
net rate of efflux of momentum through the boundary a-b-c-d-e- 
f-g-h-i-a in Fig. 2 where a-b is the vena contracta of the jet. In 
an actual valve the area of a-b is much smaller than that of d-e 
where the fluid enters the upstream chamber A. 
lovities are inversely proportional to the 


Since the ve- 
the influx of mo- 
mentum through d-e is negligibly small compared with the — 
at a-b, which is equal to Qup where 


areas, 


Q= total rate of flow 
u = velocity of jet at vena contracta 
p = density of fluid 


By Bernoulli's equation 


and the net axial force 


Fan = Fy, = Q up cos 


Equation [1 | can be transformed into the more useful form 
Fan = 2C, we Ap cos 6 
where 


C, = coeflicient of discharge 


*“Berechnung von Ausfluss- und Uberfallzahlen” (‘Calculation 
of Discharge and Weir Coefficients”), by R. von Mises, Zeitschrift 
des Vereines deutscher Ingenieure, vol. 61, May-June, 1917, pp. 447- 
452, 469-474, 493-498 (especially pp. 494 and 495). 
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» = peripheral width of orifice 
= axial length of orifice 
= pressure difference between chamber A and chamber B 


Since @ is always less than 90 deg for valves of the type under 
discussion, F4g of Equation [1] is always positive and tends to 
close the valve. If the direction of flow is reversed so that the 
jet flows into chamber A instead of out of it, the equation is still 
valid, and if the jet angle @ is the same for both cases, the force 
will be the same. It should be noted that for Fig. 2 the jet 
angle depends upon the angle @ but is independent of Y; for the 
reversed flow, the opposite is true. In either case it is the con- 
figuration of the upstream chamber that determines the force. 

Equations [1] and [2] apply only to an ideal valve with per- 
feetly sharp corners and zero radial clearance. Since such an 
ideal valve cannot be built, it is important to investigate the 
effects of these imperfections. For an orifice with radial clear- 
ance C, as shown in Fig. 3, Equation [2] becomes 


Fan = 2 CwAp + cos 


Here cos @ is no longer a constant but varies with the quantity 
x/C,, as shown by the curve. 

If the net force on the piston is plotted against the displace- 
ment for a constant value of pressure drop, a curve similar to 
those in Fig. 4 is obtained. Here the curve for an ideal valve is 
shown dashed. It can be seen that the effect of radial clearance 
is to make the curve rise abnormally rapidly for small openings, 
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DISPLACEMENT x, MILLS 
Cc, = 0.0003 in., r = 0 (3) 


C, = 0.0001 in., r = 0 


C, = 0.00005 in., r = 0.0003 (4) Ideal case: C, = 0. r = 0 
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after which it sags downward and approaches the ideal curve 
asymptotically. 

The effect of finite radius of the land edges is difficult to cal- 
culate theoretically but is very similar to that of radial clearance. 
Qualitatively, the variation of 6 can be visualized with reference 
to Fig. 5. In Fig. 5(a) the ideal case of zero radial clearance and 
sharp land edges is represented. The figure is skew-symmetrical 
about the center of the opening; it is the skewness of the sym- 
metry that causes the axis of the jet to deviate from the vertical, 
and it is this deviation and the resulting z-component of momen- 
tum that give rise to the axial force on the piston. 


(a) 
Cc, =0 
r=(@ 
z= any value 
6 = 69 deg 


(ce) 

Cc, = 0 

r>0 
6 < 69 deg 


0 = 45 deg 
= any value 


Fie.5 Lanpv Conriaurations 

Fig. 5(b) represents a valve with the axial displacement z set 
equal to the radial clearance C,. The figure is symmetrical about 
the two 45-deg lines, and the jet angle @ is 45 deg because of this 
symmetry. This is true also for any value of radius r of the land 
edges so long as the r are the same for both edges. If the valve 
opening z is varied, however, the symmetry will be destroyed, 
and @ will no longer equal 45 deg. For large values of x the be- 
havior will approach that of an ideal valve, and @ will approach 
69 deg; for small values of x the jet will approach parallelism 
with the axis, and the force will be greater than that for an ideal 
valve. 

For a valve with zero radial clearance but finite curvature of 
the land edges, as in Fig. 5(c), the symmetry is skewed as for the 
ideal valve but not to such a great extent; the angle @ is less than 
69 deg; the piston force is greater than for an ideal valve; and 
6 varies with z. For large values of z, 6 approaches 69 deg; for 
negative values of z, 6 approaches 0 deg as z approaches —r. 
For an actual valve in which neither C, nor r is zero, 8 approaches 
zero at small or negative values of z, and the slope of the curve of 
force versus z increases at most by a factor of 1/0.36 = 2.78. 
This is not particularly serious, of course, since in most cases the 
curve drops off and approaches that for an ideal valve before the 
actual value of the force is very large, i.e., the phenomenon occurs 
essentially only for small values of z. 

In an actual 4-way valve there are two identical orifices in 
series and, therefore, twice the force on the piston. Equation 
{1] then becomes 


Fr = 2 Fan = 2Q V oP, cos 0 
or for a particular fluid 
Fr = KiQvVP, 
where Fy is the total flow force on the piston and the total pres- 
sure drop across the valve for the two orifices in series P, = 2 Ap. 


For petroleum-base fluids with specific gravities of about 0.85, 
K, = 0.0064 when Q is given in cubie inches per second and P, 


in pounds per square inch. 


Two useful variants of Equation [5] may be obtained by com- 
bining it with the flow equation. For the same units and fluid 
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> 
where A is the area of each orifice in square inches. 
P, from Equation [5] gives 
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Eliminating 


Fr = 9.6 x 10> 


and eliminating Q gives 
Fr = O43 AP, 


To illustrate the order of magnitude of the forces ordinarily 
encountered, computation of the magnitude for a typical case 
may be useful. The maximum horsepower which a valve with a 
given orifice area can deliver to a load is 3.9 X 10-8 A P¥*, and 
this power is delivered when two thirds of the supply pressure 
P, appears as drop across the load, and one third across the valve. 
For this condition of maximum output and the common supply 
pressure of 3000 psi, the force on the piston is 0.67 Ib per hp. 

So far, nothing has been said about the radial component of 
the force on the piston. It could be calculated by substituting 
sin @ for cos @ in Equation [2] but it is not usually of interest 
since it can be canceled easily by the simple scheme of dividing 
the port peripherally into two or more equal parts equally spaced 
around the sleeve. 


COMPENSATION OF Force 


Flow-control valves used in high-performance systems such 
as fast hydraulic servos are usually stroked by electromagnetic 
torque motors driven by vacuum tubes, The use of tubes makes 
it highly desirable to keep the power input to the torque motor 
down to a few watts or less, and this restriction plus the inherent 
design limitations of electromagnetic devices and the large force 
required to stroke a square-land piston have in the past limited 
the outputs of single-stage valves to perhaps 1 hp; higher outputs 
were controlled by using two or more valves in cascade, In an 
effort to eliminate the additional stages, several attempts have 
been made to reduce or eliminate the flow force discussed in the 
previous section, but so far as is known these attempts either were 
unworkable or at best gave adequate compensation only over a 
narrow range of flows and pressure drops. The Hydraulics 
Group of the Dynamic Analysis and Control Laboratory has 
developed a valve design which gives perfect cancellation of the 
flow forees within the limits imposed by manufacturing imper- 
fections and which at the same time is little more difficult to 
build than a conventional valve 

In the valve construction to be described, the axial component 
of efflux of momentum from the downstream chamber is made 
greater than the influx so that a negative (opening) force is de- 
veloped which is proportional to 7 for a given pressure drop, and 
this negative force is balanced by the positive force generated at a 
conventional square-land orifice. It has been found experimen- 
tally that, except for very small openings, the two forces can be 
balanced perfectly for all pressures and flows. Here the effects of 
radial clearance and of rounding the land edges operate to give a 
positive force which at its maximum is only a very small fraction 
of the maximum for a conventional valve. 

Perhaps it should be noted that this method can be used to 
give a zero-force port, but since the special port construction is 
somewhat more difficult to manufacture than a conventional 
square port, and since it may lead to the transient instability 
discussed later, the balancing scheme is preferable. 

The construction of the negative-force port is shown schemat- 
ically in Fig. 6. It differs from a conventional port in two ways; 
the chamber in the piston is shaped somewhat like a turbine 
bucket, and the sleeve is cut out to form an extension of the 
downstream chamber. Here the jet through the orifice enters 
the piston chamber at an angle 4), is reflected from the chamber 
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wall near d, and leaves at an angle @,. If the cross section of the 
flow were constant and the frictional force negligible, the result- 
— ing force on the piston would be 

Fen = Qu p (coe 0, — cos 
Thus the positive foree of Equation [1] easily may beeome a 
negative force, since cos 9, is ordinarily considerably larger than 
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Furthermore, an eddy is produced which moves clockwise (in 
the case shown), and an additional flow enters the piston cham- 
ber at an angle @, which increases the negative force still more. 

The total resultant force on the piston is thus rather com- 
plicated. It depends upon numerous variables such as @, a, 
ay, p, uw, w, and d where p is the density and uw the viscosity of 
the fluid, w the peripheral width of the port, and d the piston 
diameter, A theoretical derivation of the force would be prac- 
tically impossible 

The port width w occupies only a portion of the circumference 
of the piston in many valves. Although it is usually large com- 
pared with z so that the flow can be treated as two-dimensional 
at the orifice, it is small compared with the dimensions of the 
chambers, When the incoming jet of fluid hits the piston near 
the point d and is reflected upward, it tends to spread out normal 
to the plane of the figure, and the condition of constancy of cross 
section assumed in Equation [9] no longer holds. The actual 
exit angle @, thus tends to be greater than a», and the jet tends to 
separate from the piston surface. Experiment shows that the 
spreading tendency is greatly dependent on the angle of incidence 
of the jet on the piston surface. If a, = 4, the angle of inci- 

dence is zero, and the negative force isa maximum; a should nor- 
mally be made equal to 69 deg, the influx angle for a square land, 
It is found, however, that a square step such as a-b-c in Fig. 6 has 
little effect on the force if it is not too deep, and it is desirable for 
manufacturing reasons that such a step be provided. In the 
case for which w = 360 deg, there would be no lateral spreading 
Although the actual force for a given case is too complicated to 
calculate, it is found that for a given valve profile the force varies 
with 2 and with the pressure drop Ap across the orifice as follows: 

| For a constant pressure drop, Pep varies with z, according 


to the curves in Fig. 7. For very small values of z the force is 
positive, going through a maximum and returning to zero when 
zr=a. The distance a is directly proportional to the unavoidable 
errors of manufacture, ie, to C, and r. It is also somewhat 
affected by the shape of the piston profile. The explanation of 
when 
x is small, 0, is small, and the r-component of momentum is a 
~ maximum for a given flow. Furthermore, the angle of incidence 
on the piston and the resultant spreading of the jet increase, 6, 
increases, and the negative force is reduced, The additional 
spreading decreases the velocity of the return flow @,; and its con- 
tribution to the negative force. Tf C, and r could be made zero, 


_ the positive force is analogous to that given previously; 
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wis 


= 0.0006 in.,r = 0.0008 in. (3 
C, = 0.0006 in., r = 0 (4) 


C, = 0.0004 in. r = 0 
Ideal case: = = 


Fie.7 Exeertmentat Necative-Force Curves 

8, would be independent of z, and the positive hump would van- 
ish; the curve of Pep plotted against x would be as shown by 
the dashed curve in Fig. 7. The effects of changing C, and r 
are shown in the experimental curves in Fig. 7. 

2 When z is large compared to C, and r, Fey is direetly pro- 
portional to Ap for a given value of z. This indicates that for an 
ideal valve it would be proportional for all values of z. These 
two experimental results can thus be combined into the equation 

Fep = — Kz Ap {10} 
where A is a constant for an ideal port of a given geometrical 
design but is a function of z/C, and of x/r for an actual valve. 
As previously stated, the modified piston profile a-b-c-d-e in Fig. 
6 gives results almost identical with those of the profile a-c-d-e as 
long as the angle e-a-c is equal to or a little greater than 69 deg. 

The coefficient K depends upon both ae and ay in Fig. 6. For 
manufacturing reasons, @; is somewhat less easy to vary than 
a, but A can be controlled easily by varying the latter. The 
value of K also depends to some extent upon the dimensions 
f, g, and h. For maximum compensation, f should be as large 
and / as small as possible. 

Since in an ideal 4-way valve such as that in Fig. 1, there are 
always two identical orifices in series and, since C,, w, z, Q, and 
Ap are the same for both, the positive foree of the square-land 
port will be equal to the negative force of the modified port if 
F 4g of Equation [1] is equal to of Equation (10). This will 
be the case if 

K = 20C,w cos? 
or if 

K = 0.72C,w {1 


since cos 6 = 0.36 for an ideal valve. Since A depends upon a 
number of controllable dimensional parameters, it is a simple 
if somewhat laborious matter to satisfy Equation [12] in prae- 
tice. As already pointed out, however, it is impossible to build 
an ideal valve, and the compensation will be imperfect to an ex- 
tent depending upon the errors of manufacture; — specifically, 
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fic. Perronmance or First Compensatep Piston 

upon the magnitudes of the radial clearance C, and the radius of 
curvature r of the port and land edges. Actual experimental re- 
sults obtained with a valve of the construction just described are 
given in Fig. 8 where curves are also sketched for an ideal uncom- 
pensated valve of the same dimensions. 

It can be seen from the figure that the force for a given pressure 
drop is everywhere less than for an uncompensated valve and 
that, instead of rising linearly with valve opening, the force 
reaches a low maximum (at least for the higher pressures) and 
then decreases slowly. 

One possible measure of the effect of the modified construction 
would be the ratio of the maximum forces on the pistons of a con- 
ventional and a modified valve. For the example given, this 
ratio reaches a value of about 18 at 2000 psi and 15-mil displace- 
ment. Since it is almost directly proportional to displacement, 
however, the ratio has little meaning except as a measure of maxi- 
mum displacement. If the valve had been tested at 50-mil dis- 


Fic. 9 Four-Way Vatve Force Compensation 
placement, for example, which is about average for the DACL 
power pistons used, the improvement ratio would have been about 
50; for a displacement of 5 mils such as is used in the pilot valves 
the ratio would have been only 6. The quantity of greatest im- 
portance is the maximum force required. The curves show that 
this maximum force is greatly decreased by the use of the modi- 
fied construction. Further substantial reductions can be made 
by minor adjustments of the dimensional parameters and by im- 
proved workmanship. A sketch of a 4-way valve of the pro- 
posed construction is given in Fig. 9. The results illustrated 
are by no means the best that can be attained; optimum design 
and improved workmanship would reduce the remaining stroking 
force considerably. 


Discussion 
F. C. Pappison.* The existence of reaction forces within 


* Applied Physics Laboratory, Johns Hopkins University, Silver 
Spring, Md. 
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hydraulic control valves has been realized by designers for many 
years, although apparently they were not of great concern until 
the advent of high-speed aircraft, guided missiles, and aircraft 
and missile simulators. 

The high-speed large power servomechanisms normally re- 
quired by missiles and high-speed aircraft, require simplicity, 
low internal delays with the servo loop, physically small com- 
ponents, and low electrical power consumption, A combination 
of electrical, mechanical, and hydraulic systems is one of the com- 
mon solutions, The severe requirements necessitate a thorough 
understanding of components and their operational characteris- 
tics. The most critical component of such a servo system has 
been the hydraulic transfer valve both from a manufacturing 
and analysis standpoint and is, surprisingly, seldom discussed in 
the available literature. 

One approach to the transfer-valve design in servo-system 
applications has been to develop an actuating device whose force 
levels were greater than the reaction forces within the valve. 
Direct-current torque motors are in existence, or can be designed 
to actuate transfer valves transmitting up to 4 hp. For higher- 
power servo systems, internal compensation, such as discussed 
in the paper, or force amplifiers preceding the valve are necessary 
if the requirements of low internal delays, small components, 
and low electrical power consumption are to be met. 

Force amplifiers preceding the hydraulic transfer valve and two- 
stage transfer valves have been developed by the Cornell Aero- 
nautical Laboratory, the Department of Electrical Engineering 
of Yale University, the Dynamics and Control Laboratories of 
the Massachusetts Institute of Technology, and there are un- 
doubtedly others. The force amplifiers are normally rather 
complicated and, consequently, less reliable than a valve incor- 
porating the force compensation as discussed by the authors. 

There are applications where “complete” compensation of 
reaction forces in the transfer valve may not be desirable. As- 
sume a servo system designed to actuate an aerodynamic surface 
as part of a control system; the transfer-valve flow rate is selected 
by the geometry of the power actuator, the available pressure 
drop across the power actuator (or piston), the maximum aero- 
dynamic load and a maximum available velocity of the surface 
under maximum aerodynamic load. The present procedure is 
to allow two thirds of the supply pressure (assumed constant) 
across the power actuator while overcoming the maximum load, 
while the remaining one third of the supply pressure is taken 
across the transfer valve. Knowing the required flow rate and 
the available pressure, the transfer-valve orifice area may be 
selected. 

In missile and aircraft applications the aerodynamic load 
normally will be a function of Mach number, altitude, and center 
of pressure location and conceivably can approach zero under 
some conditions, or even change sign. At this time, nearly the 
full system pressure will appear across the transfer valve. The 
volumetric rate of the transfer valve and the servo-loop gain, 
therefore, will increase by approximately 70 per cent. If, how- 
ever, the selection of the transfer-valve orifice area is predicated 
on & pressure drop across the transfer valve of loss than one third 
the supply pressure, at full load, the change in gain of the hydrau- 
lie valve and the servo-loop gain under no-load conditions can 
become appreciable. The change in servo-loop gain between full 
load and no load, if of concern, can be minimized by tailoring 
the force characteristics of the torque motor to the valve reaction 
forces such that the transfer-valve flow rate is nearly independent 
of changes in load on the power actuator. For the case con- 
sidered, the change in gain between the two load conditions can 
be decreased from 70 per cent to approximately 5 per cent. 

To be more specific about this type of gain compensation, if 
the motor actuating a four-way transfer valve without force 
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compensation could be built with the following force versus 

displacement characteristics, the gain of the motor and transfer 
valve independent of changes in load 
=n 2 cos OF LV Pain ie 


where 


Pin) re 


6 = has same meaning as in Lee and Blackburn's paper 
«Fy = maximum design load of servomechanism 
= maximum design power piston-output velocity under 
full load, F, 
V1 ‘po where p = mass density of hydraulic fluid. 
For hydrocarbon hydraulic oil Mil-0-5606 approx 
7.8 X Ib sec?/in.* 
supply pressure; assumed constant 
hydraulic pressure drop across transfer valve (total 
drop across both series orifices) while providing 
maximum velocity #, at maximum load F, 
transfer valve-spool displacement 
maximum valve-spool displacement used when se- 
lecting transfer valve orifice area 
A motor of the force characteristics required by Equation 
{13 of this discussion would be rather difficult to build, although 


motors having a force characteristic similar to that given in the 
following equation are in common use 


where 
K = 
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b = force at zero displacement 
I = normally differential current or function proportional to 
servo-error signal 

Now if the slope and intercept of Equation [14] are selected 
such that the available force from the motor intercepts the hyper- 
bola, Equation [13] at the displacements for the required flow 
at the no-load and the full-load condition, the following equation 
results 


2 cos Bik VPs V Pais z I—z 
K(Ps — Pwin)z, VPs : 


[15] 


Fy 


Now if Equation [13] is equated to Equation [15] the resulting 
Equation [16] describes the output velocity (4) of the servo’s 
power actuator as a function of valve-spool displacement ze. 
Owing to the gain compensation, the valve-spool position is now 
a function of load as well as servo error /; therefore Equation [16] 
describes the output velocity z, under various load conditions for 
a constant servo error. The servo error 7 is a parameter and 
simply shifts the curves 
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Fig. 10 of this discussion is a solution of Equations [13] and 
{15} for three servo systems, designed for the same output 
velocity #, and load F,, and using the same supply pressure 
Ps, although with transfer-valve coefticients selected for the fol- 
lowing different pressure distributions within the system while 
overcoming maximum load: 
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for F, 

Paia = Ps Ps 
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Pais =! Ps Temax 


Fig. 11, herewith, is a solution of Equation [16] for the three 
cases considered. The maximum change in gain for the 
three systems considered at maximum servo error, compared 
to identical systems where valve-spool position is directly a 
function of servo error and independent of load, is as follows: 


No gain 
compensation, 
per cent 


With gain 
compensation, 
 ~per cent 


16 


283 
400 


Note that the previous discussion should in no way be construed 
as a recommendation to design systems utilizing a pressure dis- 
tribution Pmin, of less than '/,; Ps, at maximum load. 

It is suggested that the authors comment on the following 
questions: 


1 Is there a minimum or maximum power limit for this valve 
configuration? 

2 Have any experimental studies been made where this type 
of valve has been used in a servo system driving a large inertia 
load, to investigate the effects of oil compressibility and finite- 
pressure propagation velocities on the compensated-valve or 
servo-loop characteristics? 


The authors are to be commended for their significant contri- 
butions to the hydraulic-contro! field—specifically for the deriva- 
tion of the equations of the valve-reaction forces and the develop- 
ment of a valve that has no apparent power limitations. 


AvuTHors’ CLOSURE 
Mr. Paddison has raised, by implication at least, so many 
important points that an adequate discussion would require an 
inordinate amount of space even if we were competent to write 
it. If we may grossly condense and simplify his principal argu- 
ment, however, the pertinent points seem to be the following: 


1 Important classes of loads may be very nonlinear. 

2 This nonlinearity results in a change of gain which may be 
fairly large and which is a function of the ratio of valve pressure 
drop at full load to supply pressure. 

3 This change of gain can be considerably reduced by work- 
ing with valve drops much larger than normal. 

4 It can also be reduced by tailoring the torque-motor 
characteristics in the proper way and not compensating the flow 
forces in the valve. 


One reasonable, or at least plausible, way of thinking about 
the problem of nonlinear loads is to consider that the load is 
linear but that it has superposed upon the “normal’’ linear-load 
reactions various extraneous disturbances, such as wind loading 
on a radar antenna, tool reactions on a milling-machine table 
drive when taking an intermittent cut, or the aerodynamic 
phenomena referred to by Mr. Paddison, The effect of these 
disturbances on the servo output is a measure of the “‘stiffness’’ 
of the servo, and this stiffness may be of two types. In any 
position servo there is a tendency for the output to assume 


seer 


the position called for by the input signal, and the servo is stiffer 
the greater the loop gain; thus a position servo with a high loop 
gain is very stiff, and if properly designed, using reasonably linear 
components, it is nearly immune to disturbances. In addition, 
some types of drive are mechanically stiff; thus a hydraulic 
motor or ram with the flow valve closed is exceedingly stiff 
because of the low compressibility of the oil, An extreme case 
would be an irreversible worm drive, though this is often un- 
suitable for servo applications. In the case of a rate servo, which 
is what a flow valve wants to be, the second type of stiffness is 
not present, but the first is, and if the loop gain is high the servo 
will pay little attention to the disturbance, within the force and 
velocity limits imposed by the design of the driver. 

It is true that the effect of change of gain can be minimized by 
wasting a large part of the available supply pressure in the valve 
but this seems an excessive price to pay for a not very serious 
variation in gain. It is also true that the torque-motor charac- 
teristic can be modified to help in attaining the same goal, but 
we have preferred not to do so, This is, first, because such a 
modified motor would be useful only under a very restricted 
range of conditions as to supply pressure, performance, and char- 
acter of load; second, because we do not like to try to compensate 
for a nonlinearity in one component by deliberately making an- 
other one worse than it needs to be; and third, because as Mr. 
Paddison points out, it is highly desirable to have as strong a 
torque motor as possible. This last point is true even in the 
absence of flow forces; a comfortable margin of force 1s necessary 
to prevent sticking of the piston, which is a condition that has 
plagued every user of hydraulic equipment. He also points out 
that a two-stage valve can be used, and in the past has been used 
universally for powers over a certain level. In this case, how- 
ever, there is the added complication of an extra complete valve 
plus an extra integration that must be removed somehow, and 
in addition, the change of gain which he refers to would still be 
present, and could not be removed by modifying the torque 
motor. 

Finally, we must give at least partial answers to the two explicit 
questions in Mr. Paddison’s comments: 


1 There do not seem to be any minimum or maximum 
power limits as such to the application of Dr. Lee's method of 
force compensation. As pointed out in the paper, it is of com- 
paratively little benefit in valves with very short strokes, but 
should be valuable in large long-stroke valves. The practical 
minimum size would be essentially the same for any hydraulic 
valve, whether compensated or not. 

2 We have not observed any phenomena due to oil com- 
pressibility or to the finite velocity of propagation in the oil 
with this valve that would not occur with an uncompensated 
valve, whether working into a high-inertia load or not. In fact, 
we have never observed an effect of any kind which we thought 
was due to the finite velocity, and since the velocity of sound in 
oil is such that it would traverse the dimensions of most hydraulic 
control systems in a fraction of a millisecond, we would not expect 
to observe any such effects. There is an effect of compressibility 
that may be serious for high-inertia loads, however; in some 
cases the natural frequency of the heavy load working against 
the compliance of the oil becomes so low that the speed of re- 
sponse of the servo system is greatly reduced. In most cases, 
however, the compliance of the oil is small compared to that of the 
mechanical structure and this agen y effect is negligible. 
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ontributions to Hydraulic 


An outline is presented of a theory of a transient force 


which is one likely cause of oscillation of control valves, 
with supporting experimental evidence and methods of 
eliminating it. 


valves and similar devices is a tendency to instability. 


() NE annoying characteristic of many hydraulic flow-control 


This may result only in acoustical noise or ‘‘singing, 
or it may cause nonlinear, unstable operation, or even violent 
oscillation of the whole system in which the valve is used. There 
are several causes of instability, but the following paper will be 
concerned with one type of transient instability which apparently 
has not been reported previously. 


MATHEMATICAL DertvaTION OF GENERAL Force Equation 


The somewhat involved mathematical] derivation of the theory 
given in the Appendix results in the equation 


d 
= pQ uz + pL a [1] 


axial component of force on valve piston due to flow 
through one piston chamber 

density of fluid 

axia] component of velocity of fluid through valve orifice 

rate of flow through orifice 


rate of change of flow 


axial] distance between centers of incoming and out- 
going flows, as shown in Fig. 3. 


Since flow-valve-controlled hydraulic systems are normally 
operated from constant-pressure supplies it is desirable to state 
the valve force in terms of pressure instead of flow. A further 
simplification is obtained at a small cost of generality by assum- 
ing that the pressure drop across the orifice is constant and equal 
to AP, so that the flow Q depends only upon the axial valve open- 
ing z. For this case the basic equation for flow through an orifice 
gives 


[2a] 


and 


1 Research Engineer. Dynamic Analysis and Control Laboratory, 
Massachusetts Institute of Technology. 

* Research Engineer, Dynamic Analysis and Control Laboratory, 
Massachusetts Institute of Technology. 

Contributed by the Machine Design Division and presented at 
the Annual Meeting, Atlantic City, N. J.. November 25-30, 1951, 
of Tae American Society or Mecuanicat ENGINEERS 

Nore: Statements and opinions advanced in papers are to be 
understood as individual! expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, August 
7, 1951. Paper 51—A-60 
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2 Transient-Flow Forces and Valve Instability 


MASS, 


where 
velocity coefficient 
discharge coefficient 
angle between axis of jet and axis rT valve 
peripheral width of port 


Substituting in Equation [1], therefore 


F,' C, AP w cos 6) + 2A4PpL) 


This equation is of the form 


« 
at 


in which 
K, = 20, C, AP w cos 6 
and 


Inspection of Equation [4| shows that the effect of the oi) flow- 
ing past the piston land can be represented as a linear spring 
which tends to restore the piston to its center position at z = 0, 
plus a linear dampi ~ term. The spring term is the steady- 
state piston force discussed in part | of this series;* it will not be 
further discussed here. 

The coefficient K; of the damping term depends upon only two 
dimensions of the valve, the peripheral port width w and the 
damping length L; it is independent of the other dimensions or 
the shape of the piston cavity.‘ The sign of K, depends upon the 
sign of L, since al) other quantities involved are positive. Uf L 
is positive, then K; is negative, an increasing flow tends to increase 
z, the damping will be negative, and the valve will oscillate un- 
less sufficient positive damping is available from some other 
source. The damping length L will be positive when the flow 
through the metering orifice is inward toward the piston axis; 
reversing the flow reverses the signs of L and of the damping. 

In a conventional 4-way valve there will be two orifices in 
series, for which all quantities are the same except the L. Ac- 
cordingly, an effective damping length for the whole valve can 
be defined, which wil] be the algebraic sum of the L for the two 
chambers. Again, if this effective L is negative, the valve will be 
stable; if positive, it is likely to oscillate. This prediction has 
been verified by the experiments to be reported. 


EXpeRIMENTAL VaLve ror Stapitity Tests 


The valve used for the stability tests was an experimental 

* “Steady-State Axial Forces on Control-Valve Pistons,” 

Ying Lee and J. F. Blackburn, Paper No. 51-—-A-52, to be presented 
at the Annual Meeting, Atlantic City, N. J.. November 25-30, 1951 
of THe American Socrety or Mecuanicat Enoineers. 

* These results do not apply strictly to the special port construc- 
tion described *n reference 3, since the assumption that u, = 0 of 
Equation [1] in the Appendix is not justified, in that case. Qualita- 
tively, however, they are still valid. 
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model which contained certain features, such as the provision for 
independent control of the directions of flow through the several 
orifices, which would not normally be included in a production 
design. In function it was a conventional 4-way flow-control 
valve with steady-state-force compensation, but its actual design 
included the following features: 


1 The twin-piston design is shorter than a single-piston valve, 
saving space for the complete assembly of valve plus torque 
motor, 

2 The moving parts are inherently balanced, eliminating the 
counterweight required in many applications of the single-piston 
design and permitting a higher natural frequency. 

3 One critical axial dimension is eliminated on both piston 
and sleeve. 

4 With the ports faced as shown and with no underlap, fluid 
never passes both pistons at the same time. This eliminates the 
requirement of transmitting either steady-state or transient flow 
forces from one piston to the other through the relatively compli- 
ant torque-motor armature and linkage; this is very desirable for 
a device requiring precise positioning. 

5 The damping coefficient of the valve can be controlled easily 
by suitable choice of the lengths L; and Ls. 


The principal dimensions of interest are as follows: 


Piston diameter, in 
Maximum stroke, in. 
Port width (360-deg ports), in. 
Maximum area per orifice, sq in. 
Maximum output at 3000 psi, hp 
Damping lengths: 
Negative-force ports, in. 
Positive-force ports, in. 


During the stability tests the valve was connected to a stand- 
ard torque motor with the valve output shortcircuited (no load). 
For each of the four flow conditions shown in Fig. 1 the supply 
pressure was increased gradually to 3000 psi or until oscillations 
It was foand that for the oscillatory configurations the 
the critical pressure 
The test re- 


occurred, 
onset of oscillations was fairly consistent, 
varying over a range of perhaps 5 to 10 per cent, 
sults showed the following: 


Test Resutts 


1 Configuration a had a small negative damping in the down- 
stream port and a larger positive damping upstream, since 1, was 
purposely made larger than J. This was the normal configu- 
ration for this valve; the steady-state force was compensated and 
the valve was stable at all pressures up to 3000 psi. 

2 For configuration b the supply and return lines were inter- 
changed, reversing all flows through the valve and load. The 
negative-foree port now acted as an ordinary square-land port, 
and there was no steady-state force compensation. The small 
positive damping only partly compensated the larger negative 
damping of L,; the net aegative damping overcame the vis- 
cous damping, and the valve oscillated violently for all pressures 
above 1100 psi. 

3 Configuration ¢ was similar to a except for the reversal of 
flow through the left-hand port. The steady-state force was 
compensated but both damping terms were negative, and the 
valve oscillated for all pressures above 500 psi. 

4 The supply and return lines were again interchanged, giv- 
ing configuration d. This was the most stable of the four, since 
both damping terms were positive, but the steady-state compen- 
sation was destroyed by reversing the flow through the upstream 
port, 

Since the viscous-damping forces were not known, it was im- 
possible to predict the value of the critical pressures above which 
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the valve would oscillate, but at least the experiments agree 
qualitatively with the predictions of the theory. 


Consider first a container of arbitrary shape filled with an in- 
compressible fluid and without fluid sources or sinks within its 
volume, Assume initially that flow may take place at any point 
either within the container or across its boundary, and let flow 
outward across the boundary be considered positive. At any 


instant the total momentum of all fluid particles within the con- 
tainer is 


Appendix 


Derivation oF GENERAL Force Equation 


where p is the density of the fluid, dV an elementary volume, and 
@ its instantaneous velocity; the integration is taken over the 
whole volume of the container. 

The three components of the momentum willbe 


‘oer, 


where u, v, and w are the z, y, and z-components of the velocity 


The volume integration of Equations [5] and [6] may be re- 
placed by a surface integration with the use of Green’s theorem. 
Let dS be an element of the surface of the container. Let the 
direction of the outward normal to this surface be denoted by 
n, Whose directional components are a, 8, and y. Let q, denote 
the normal component of fluid velocity across the boundary at 
dS 

Green’s theorem 


dS = a + 8 + w dS 


(zu) +5 (a0) + 2 dV 


(2 + say / 
4 


OOF 
But if the fluid is incompressible and there are no sources or 
sinks within the container, the equation of continuity gives 


the first term on the right side of Equation [7] vanishes, and there 


results 
M, =p fuav =p f =p | 
8 | 
and the two analogous expressions | 


- 


(6) 
aa 
? where dQ denotes the total flow across the elementary surface dS a) 
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Stability 
Stable 
Unstable 
Unstable 
Stable 
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Thus the total momentum of the fluid within the container can 
be determined from the flow conditions at the boundary. 
The only assumption inherent in the use of Green’s theorem 
_ is that the velocities u, v, w, and their derivatives with respect 
- to z, y, and z are continuous. For viscous fluids this must be 
true; for an ideal fluid a surface of discontinuity could exist, but 
Green's theorem could still be used by considering the container 
to be divided into more than one volume by the surfaces of dis- 
continuity and integrating separately over each of the volumes. : : 
_ Thus Equation [8] will apply for any type of flow whatever as 
long as there are no fluid sources or sinks within the volume con- : set 
sidered. 
Next, consider the same container but with a boundary im- => M, =p 7. YQ 
permeable except for .. ..aall holes through which fluid can flow. ; rn : 
Assume the holes to be small enough so that the velocity can be 
considered uniform and parallel across each hole. Then the in- 
tegral 


where z, is the z-co-ordinate of the kth hole and Q, is the total 
flow through it. Equation [8] then becomes 
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Knowing the total momentum of the fluid within the vessel we — the subscript 1 apply to the hole with the fluid flowing outward, 
can calculate the total force exerted on it by the walls of the ves- and 2, to that with inward flow. Then Q,; = Q = —Q, and 
nel. The three components of this force will be 

Q 


d 
= pQ — uz) + — 22) 


{13} 


When F’ is the force exerted by fluid on the container 
F,' = F, = pQ — uw) + plrz — 11) 


dQ 
F,’ = pQ (v2 — + ply: —- mi) 


a, In these expressions Oz, = uy, the r-component of the veloc- = pQ — wi) + pla — 


ity of the fluid at the Ath hole, dy,/dt = v,, and Oz, Of = wy; ¢ 
therefore 2 
y N These genera] formulas now may be applied to the case of a 
, ' oY, conventional square-land valve. Let Fig. 3 represent one port 
VALVE BODY 4 


> 
LLL 


PISTON 


For steady flow 0Q,/dt = 0, the second terms on the right sides NUTTER ee 


of Equations [12] vanish, and the equations become the familiar 
force equations for steady flow. 
For the particular case of a container with only two holes 2 
shown in Fig. 2, the equations can be simplified still further. Let : 
Fic. 3) Dampinc Lenorn or « Vatve CHAMBER 


y 
“ee 4 of such a valve, with the piston displaced a distance x’, As the 
we, valve has cylindrica] symmetry, both F, and F, cancel out around 


‘ Vers - the axis, but 


F,’ = pQ (uz — w) + — 21) {15} 
a 


or, assuming that u, = 0 (since the exit port is large compared to | 
the orifice ) 
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Tool'Forces Tool- Adhesion in the 


Machining of Nodular Cast Iron 


By K. ] 


This paper presents the results of an investigation on the 
machining characteristics of nodular cast iron in both the 
as-cast and the annealed conditions. Tool forces, cutting 
temperatures, and tool-chip contact areas are compared 
for different grades of cemented-carbide tools. An ad- 
hesion phenomenon observed with this material provides 
evidence in support of the oxide-film theory and pro- 
vides an explanation for some of the differences in wear- 
ing qualities of cemented-carbide tools. 


INTRODUCTION 


FP NUE industrial potentialities of nodular cast iron have been 
the subject of much discussion ever since its discovery. It 
was first reported by H. Morrogh (1)*in 1948.° He termed 

the new material “nodular iron,’ which he defined as 

gray, or substantially gray, iron in which all or part of the 
graphitic carbon content is in the form of nodules or spherulites 
prior to heat-treatment.”” This metal was produced by inocu- 

lating molten iron with ladle additions of cerium followed by a 

post inoculation of silicon if more complete graphitization were 

desired. 

Subsequent literature (2, 3, 4) reported that nodular iron 
also could be made by using magnesium, lithium, calcium, barium, 
and strontium asinoculants. At the present time, magnesium or 
magnesium alloys are preferred for inoculation. Experiments 
to be described in this report were all conducted on nodular iron 
produced by magnesium additions. 

Proponents of this new engineering material have forecast a 
brilliant future for it in applications demanding a combination of 
the advantages of both steel and gray iron. Industry still has 
need of information concerning the characteristics of nodular cast 
iron. In addition to casting and control aspects from the produc- 
tion standpoint there is need for information concerning such 
application properties as wear resistance, fatigue strength, welda- 
bility, damping capacity, and machining characteristics. 

A significant amount of information concerning some of the 
foregoing factors has been obtained during the past 2 years. 
Certain of this information is summarized in a recent article by 
Gagnebin (5). Excellent work has been reported by Rehder 
(6, 7, 8) regarding composition, control of melt, inoculation, and 

! Professor, Department of Mechanical Engineering, University of 
Iilinois, Urbana, Il. Mem. ASME. 

? Instructor, Department of Mechanical Engineering, University of 
Washington, Seattle, Wash. Jun. ASME. 

4 Assistant Professor, Department of Mechanical Engineering, 
University of Illinois. 

* Numbers in parentheses refer to Bibliography at end of paper. 

* The International Nickel Company announced the magnesium 
process for producing spheroidal-graphite cast iron as a part of the 
discussion of Morrogh's paper. 

Contributed by the Production Engineering Division and the 
Cutting Fluids and Metal Cutting Data and Bibliography Research 
Committees and presented at the Annual Meeting, Atlantic City, 
N. J., November 25-30, 1951, of Tae American Society or Me- 
CHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
August 8, 1951. Paper No. 51-—-A-39. 
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heat-treatment. Of eg ae interest in connection with the 
present paper is “The U. Air Force Machinability Report, 
1950” (9), which presents pte results of tool-life comparisons 
made by Metcut Research Associates, Cincinnati, Ohio. These 
tests indicate that as-cast nodular iron, having a tensile strength 
of 93,000 psi, has the same machinability as gray iron of 45,000 
psi tensile strength (and substantially equal hardness). Accord- 
ing to the same report, the weakest nodular iron (70,000 psi, 170 
Bhn) can be machined over 6 times as fast, for the same tool life, 
as the strongest gray iron in the series tested. It is also stated 
that nodular iron and cast steel of essentially the same hardness 
give substantially the same tool life when appropriate grades of 
carbide are used on each material. 

The purpose of this investigation was to study the machining 
of nodular iron with particular reference to the performance of 
cemented-carbide tools on this material. The results are based 
primarily upon short-time, single-point turning tests. The 
study includes tests on cutting temperatures and cutting forces 
acting upon the tool at various cutting speeds, observation and 
measurement of tool-chip contact areas, and the tool-chip adhe- 
sion characteristics. 


Test Equipment 


The test equipment and general procedure for the determina-_ 
tion of interface temperatures, tool forces, and tool-chip contact 
areas were the same as those used in similar tests previously re- 
ported for steel cutting (10, 12, 13). 

The test stock was obtained in the form of as-cast logs, 30 in. 
long X 3'/, in. diam. Two separate heats of iron were tested, 
partially because of the limited supply in the first lot but also to 
study possible effects due to minor changes in composition. All 
test logs in each heat were poured from the same ladle of metal. 
The first lot is designated A-1 and A-2, denoting as-cast and 
annealed condition, respectively. The second lot is similarly 
denoted B-1 and B-2. Compositions and mechanical properties 
of the two heats in the as-cast condition are shown in Table 1. 


LE COMPOSITION AND PROPERTIES OF NODUL AB. IRON 
r stoc K AS RE TIONAL NICKEL 


TAB 
TES 


Lot A 
Composition, per cent 


Coppe 

Total. 
Mechanical prepertios* 

Tensile strength, psi 

Elongation, per cent in 2 in. 

Brinell hardness? . 


246-267 


As-cast properties except are taken from a specimen 


machined from a 1-in. 


with the test stoc 
> Disks cut from the bottom 


the logs gave the higher Bha in both cases 


Stock A-2 was annealed to a hardness of 186 Bhn and stock B-2 
to 180 Bhn. Micrographs of the as-cast and the annealed stock 
are shown in Figs. 1 and 2, respectively. It may be noted that in 
the as-cast stock with a Bhn of 242, the matrix is composed of 
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pearlite with the exception of an envelope of ferrite surrounding 
each nodule of graphite. In the annealed stock (186 Bhn) the 
matrix is almost entirely ferrite with some small, seattered areas 
of persistent pearlite. 

The difference in hardness between the top and bottom (verti- 
cal cast position) of the test logs gave rise to some speculation 
regarding the distribution of hardness throughout the length and 
the possible effect of this factor upon the results of the cutting 
tests. A hardness survey was conducted on each lot as cast. 
Readings were taken at l-in, intervals along the length of an 
as-cast log. The results of the test on stock A-1 indicated that 
the hardness dropped rapidly from 262 Bhn at the bottom to a 
nominal value of 242 Bhn within a distance of 4 in. from the bot- 
tom. This value remained fairly constant throughout the re- 
maining length of the log, indicating that the initial chill of the 
first metal into the mold affected the extreme lower section only. 
The bottom section was gripped in the chuck and was not used in 
subsequent cutting tests of the as-cast iron. Stock B-1 showed a 
similar hardness distribution. The annealed stock from both lots 
showed uniform hardness along the length of the log. 

A representative group of standard-grade cemented-carbide 
cutting tools was selected to be used in the investigation This 
group included both steel-cutting and cast-iron-cutting grades 
Tool preparation was done on 120 and 320-grit diamond wheels 
and finishing was done with a 400-grit diamond hone. Except as 
otherwise noted, all tools were carefully shaped to the following 
specifications: 

Degrees Degrees 
Side relief angle 7 
End cutting-edge angle.... 8 
Side cutting-edge angle 
in. 


Back rake angle. . 0 
Side rake angle. ... 4 


End relief angle 7 
Nose radius. . 


Tool angles and radii were carefully checked by means of a 
vernier protractor and a radius gage. <A feed of 0.0098 ipr, 
nominal depth of cut of 0.100 in., and a setting angle of 90 deg 
were used in all tests, In each case the tool was carefully ad- 
justed to the center-line height of the workpiece, No cutting 
fluid was used, 

The grade, nominal composition, and hardness of each tool is 
shown in Table 2 without trade-name identification. The tool 
number is that assigned by the authors and used in this paper 
The tool numbers which are prefixed by the letter “S’’ designate 
steel-cutting grades while those with the letter “C"’ denote tools 
intended primarily for the cutting of cast iron. The group 
shown does not include all the tools tested, but it is representative 
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of those used with regard to composition, grade, and perform- 
ance. 

In the investigation of cutting temperatures, the nodular-iron 
member of the tool-work calibration thermocouple was prepared 
from a portion of the workpiece upon which the cutting-tempera- 
ture tests later were run. Thus it has the same microstructure 
and heat-treatment history. In each grade of cemented-carbide, 
the calibration bar, contact rod, and tool insert were all made 
from the same lot of mix and were all sintered under identical 
conditions. 

TABLE 2) NOMINAL COMPOSITION AND HARDNESS OF TEST 
TOOLS 
-——Nominal composition, per cent— 

WC Co TiC (TaC, Hardness Ra 
Sree. Curtine 
General purpose 10 8 
Precision finishing 
Finishing 8 
General purpose 10 


General purpose 4 
Roughing anata 12 1 

‘ 8 


Recommended use 


2 
7 
0 
1 
8 


Finishing 
Roughing....... .. 1 


Cast-Iron Curtine 
Roughing 
Finishing 6 
Finishing. ... 
General purpose 6 
General purpose 
Roughing. 


Trace 


Toot-Force Tests 


Procedure. Each test proceeded from the lowest speed to the 
maximum in each case so that any temperature or wear effects 
could be noted. 

During each test, readings of surface speed, vertical and 
horizontal forces were taken simultaneously and recorded. The 
dynamometer readings reached steady-state conditions in a few 
revolutions of the spindle, but the cuts were timed at 0.10 min, 
this interval being selected as sufficient to take all readings easily 
and not long enough to introduce heating effects into the dyna- 
mometer due to changes in the temperature of the cantilever arm. 

Test Results. As-cast, stock A-1: Inasmuch as similar tools of 
comparable grades performed in nearly the same manner in these 
short-time tests, it was considered advisable to report only on 
typical tools of each general grade. Tools S-1 and S-2 represent 
general-purpose and finishing types, respectively, in the steel- 
cutting grade, while C-1 and C-2 represent the same respective 
types in cast-iron cutting grades 

The results of the tool-force tests conducted on stock A-1 (242 
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MACHINING OF NODULAR CAST IRON 


DEPTH OF CUT: 
FEED: 0.0098 
TOOL SHAPE: 


POUNDS 


WORK MATERIAL: 


IPR 
o- 


NODULAR IRON, AS CAST, 242 BHN 
STOCK 
0.102 IN. 


4-7-7-8-0-3/64 


TOOL FORCE 


400 


v5... Ye CUTTING 


Ne 


Bhn) are shown by the curves in Fig. 3. These curves show the 
variation in tool forces with change in speed for typical tools. 
The F,-curves indicate the vertical or cutting forces, and the F,- 
curves the horizontal or thrust forces. Examination of Fig. 3 
reveals that the curves for some tools show irregularities which 
were caused by an adhesion phenomenon on the flank of the tool 
just below the cutting edge. This adhesion consisted of a build- 
up (or welding) of small particles of the workpiece to the tool 
flank. This materia] built up on the flank in such a manner as to 
reduce the 7-deg side-clearance angle to approximately the helix 
angle of the feed, and the end clearance to approximately zero. 
The flank build-up was of rather gradual occurrence when 
cutting the as-cast stock. The incidence of flank build-up is 
best shown by changes in the thrust force, although an increase 
in the cutting force is also evident. In the test of tool C-1 shown 
in Fig. 3, the first evidence of flank build-up occurred at a cutting 
speed of about 250 sfpm. This is shown by an increase in the 
thrust force and a corresponding, though smaller, rise in the 
cutting force. Tests at successively higher speeds resulted in a 
further rise in force at each speed increment until the maximum 
was reached at 450 sfpm. The thrust force increased about 50 
per cent from 247 to 450 sfpm. Visual observation of the tool 
showed that the flank build-up extended farther and farther down 
the tool flank with each successive cut. Above cutting speeds of 


© 


SPEED — 


Fic.3  Currine Speen - Toor Force ror Stock A-! 


800 


SFPM 


450 sfpm the chips began to leave the tool at a ‘visible red 
temperature” and an extension or “tail” on the flank build-up 
began to grow down the flank of the tool. The tool forces for the 
higher speeds decreased somewhat with further increase in cut- 
ting speed. This is partially due to the more plastic nature of 
the adhering flank build-up. 

Tool C-2 containing more WC reveals a similar force pattern 
although the forces are, in general, somewhat lower than those for 
C-1 and the peak occurs at a lower speed, approximately 312 
sfpm. In the speed range of 500 to 600 sfpm, the thrust force 
for tool C-1 is from 50 to 60 per cent higher than that for tool 
C-2. The respective cutting forces are about 12 per cent higher. 
Evidently the higher WC content of tool C-2 has an influence on 
the cutting forces above the flank build-up speed. 

Tools 8-1 and S-2 exhibited a gradual decrease in both tool 
forces with an increase in cutting speed While measurements 
of chip thickness were difficult, owing to their fragmentary 
nature, there was a general trend toward a slightly thinner chip 
and clearer separating surface with increase in cutting speed. 
Neither tool S-i nor S-2 exhibited evidence of significant flank 
build-up. The thrust force was some 20 per cent lower for too! 
8-2 while there was little difference in the cutting force over the 
speed range used. 

Macrographs of each tool were made at a magnification of 
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about 
illustrations, showing the flank build-up, reveals that the glazed- 
appearing portion of the build-up (that part attached solidly to 
the tool) extends down the tool flank about half the thickness of 


These are shown in Fig. 3. Examination of the 


the carbide insert, This build-up was “welded” solidly to the 
tool and could not be removed without damage to the carbide by 
any means except grinding. It is noted that both east-iron 
cutting grades show flank build-up whereas neither steel-cutting 
grade shows this phenomenon, 

Annealed stock A-2: The results of the cutting tests on an- 
nealed nodular-iron stock A-2 (186 Bhn) are shown in Fig. 4. 
It is evident that annealing has a definite effect on the cutting 
behavior in comparison to that shown for the as-cast stock. 

The cutting force is relatively independent of tool grade up to a 
cutting speed of about 250 sfpm. The thrust force is more sensi- 
tive to tool changes over the same speed range. 

Tool C-1 reveals very little change in the cutting force up to 
about 300 sfpm where it suddenly rises from 268 to 390 Ib 
The thrust force increases abruptly from 156 to 379 Ib at the same 
speed. The extent of the flank build-up and its effect on tool 
forees is much more pronounced with annealed stock than on the 
as-cast material, This is clearly shown in Figs. 3 and 4. The 
flank-build-up speed is not greatly different in the two cases 
Visual inspection during the cut revealed that the flank build-up 


occurred rapidly (about 3 sec), and that the extension or tail on 
the build-up started to grow immediately at a rate of '/, to '/3 ips 
The short time available for the initial readings during build-up 
leaves some doubt as to their actual value. 

In general, the performance of tool C-2 was very similar to tool 
C-1 although the flank-build-up speed is a little higher. How- 
ever, the similarity in trend is clearly evident. Tests in this 
series were halted when the build-up had occurred and the then 
steady readings recorded. 

Some subsequent tests conducted at speeds above those causing 
flank build-up revealed a decrease in forces. This will be dis- 
cussed in a later section. 

It is noted in Fig. 4 that the flank build-up has reduced the 
end-clearance angle approximately to zero. The side-clearance 
angle was likewise reduced to the helix angle of the feed. In 
further pursuit of this aspect, the end and side-clearance angles 
were doubled (on tool C-2), and a repeat test conducted. The 
flank-build-up phenomenon occurred at the same speed as before 
and the clearance angles were reduced to the same extent. 

Tests on the steel-cutting grades, tools S-1 and S-2, revealed 
that they gave similar performance. Neither of these tools 
showed evidence of flank build-up although there was a slight 
built-up edge (top) at speeds below 160 sfpm. The tool forces 
for 5-2 were slightly lower as was the case in cutting as-cast stock. 
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The effect of annealing upon tool forces can be observed in Figs. 
3 and 4 with reference to curves for tools S-1 or 8-2 (which do not 
show flank build-up). The thrust force is only slightly influenced 
by annealing. In the range of 120 to 500 sfpm the magnitude of 
the forces and the decrease in F; with speed is about the same in 
either case (i.¢., 30 to 35 per cent). The cutting forces are some- 
what higher on as-cast stock, about 25 per cent at 120 sfpm, but 
reducing to only 3 to 4 per cent at 500 sfpm. The decrease in F, 
with increase in speed is more pronounced in as-cast stock, being 
about 25 per cent as compared to 6-9 per cent after annealing. 

One test using 18-4-1 high-speed steel ground to the same 
specifications as the cemented carbides was conducted on an- 
nealed stock. The tool forces closely parallel those for tool 8-1. 
There was no evidence of flank build-up when the test was halted 
at 200 sfpm due to tool failure. 

Annealed Stock B-2: The flank-build-up phenomenon observed 
for the cast-iron cutting grades of carbide on annealed nodular 
iron suggested the need for further study at speeds above those 
at which the build-up occurred. A supplementary heat of stock 
was obtained and annealed to 180 Bhn. Tests on the whole series 
of tools revealed trends similar to those shown for stock A-2. 
Both components of the tool force were slightly lower in accord 
with the slight difference in hardness. 

To avoid confusion, only the foree curves for a general-purpose 
cast-iron cutting grade C-4, and a typical general-purpose steel 
cutting grade 8-4, are shown. These two tools were generally 
representative of the respective types with regard to both force- 
and flank-build-up effects. 

The cutting speed - thrust force curves for both tools are shown 
in Fig. 5. There is little difference in the forces up to a surface 
speed of about 375 sfpm. At this speed the flank build-up 
occurred suddenly, and the thrust force for tool C-4 increased to 
3 times its prior value with the extension of the build-up growing 
at arate of about '/, ips. Additional] cuts at higher speeds were 
accompanied by successively lower forces with the flank build-up 
still present and the extension growing in length. During these 
cuts the chips and adhering build-up in the vicinity of the tool 
were visibly red. At 600 sfpm the thrust force is still over 2'/; 
times the value prior to flank build-up. Some tools of a similar 
type showed a tendency for the thrust to drop at this speed 
although the action was sporadic. It may be that at speeds 
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above the range investigated here the thrust force drops more than 
indicated. 

Tool 8-4 showed the occurrence of flank build-up at the same 
nominal speed, ie., 375 sfpm. The thrust force increased to 
about 180 per cent with the formation of flank build-up. 

Examination of the build-up at the maximum-force reading 
showed no apparent difference between this tool and that on tool 
C-4 for the same conditions. However, continuation of the cut 
at this speed was accompanied by the disappearance of the 
flank build-up and a corresponding decrease in force to a value 
slightly lower than the initial reading at the same speed. 

The tool was reground and the previous test was repeated until 
the flank-build-up speed was reached. In this case, however, the 
cut was not stopped after flank build-up occurred. The maxi- 
mum force then dropped with the simultaneous disappearance of 
the flank build-up, in 12 sec, to a steady value slightly below the 
“quickly observed” initial reading. Further increases in cutting 
speed resulted in lower thrust force with absence of flank build-up. 

The cutting-force curves for the two tools, Fig. 6, revealed the 
same abrupt changes although the effeets were proportionately of 
smaller magnitude. The disappearance of the flank build-up on 
the S-4 tool (and others of «a similar grade) suggested the possi- 
bility of a barrier oxide film affecting chip adhesion. 

It was noted throughout these tests that the occurrence of 
flank build-up was accompanied by a deterioration in the surface 
finish of the work. Several spot checks indicated that the sur- 
face roughness was consistently greater, sometimes almost 3 
times as high, measured in microinches rms. Likewise, the diame- 
ter of the cut stock was reduced about 0.002 in. due to the flank 
build-up. 

Nodular Iron and Annealed Steel Compared. Comparison of 
the tool forces for nodular cast iron with those encountered in 
steel cutting (10) under the same conditions reveals that the 
forces are considerably lower for the nodular iron. As is seen in 
Figs. 4 and 7, the difference between the cutting force F, for the 
annealed 9445 steel (183 Bhn) and that for the annealed nodular 
iron (186 Bhn) is about 200 Ib at a common speed of 125 sfpm 
for a comparable grade (i.e., S-1) of cemented-carbide cutting 
tool. The force for stee! at this speed is over 70 per cent higher 
than that for nodular iron. Cutting-force differences at other 
speeds are seen to diminish with increasing speed because the 
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foree drop for the iron is far less than that for steel over the 
range of speeds tested. The difference at 500 sfpm is still about 
45 per cent, however. The relatively small effect of speed on 
tool forces for nodular iron is held to be due to the minor change 
in chip thickness, about 10 per cent as compared to over 40 per 
cent for the steel over the same range. The lower tool forces 
eocountered in machining nodular iron are thought to be due to 
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the “notch effect” and lubricating qualities of the graphite 
nodules. 

Differences of the same order of magnitude were noted in a 
comparison of the results of these tests with those conducted on 
spheroidized SAE 52100 steel at a hardness of 187 Bhn (11). 

The effect of the hardness of nodular iron upon the tool forces 
may also be seen from the results of the tool-force tests, Figs. 3 and 
$. Considering only those tools which exhibit no flank build-up 
it was found that the forces decrease with a decrease in hardness 
for all of the tools over the hardness range tested. The higher 
resistance to cutting this material in the as-cast condition is due, 
presumably, to the stronger pearlitic matrix as compared to the 
ferritie matrix of the completely annealed stock. Since the chip 
thickness was affected only slightly by speed, or change in hard- 
ness, the path of failure is nearly constant and tool forces in- 
crease with stock hardness and strength. This is different from 
the behavior noted for steel by Chao and Trigger (12), where it is 
shown that in the cutting of steel the tool forces decrease slightly 
Their explanation for this 
trend is that the length of the shear path decreased in greater pro- 
portion than the shear strength increased. As a consequence, the 
cutting forces are lower. 


with increased workpiece hardness. 


CurrinG-TEMPERATURE TESTS 

Cutting-temperature tests were conducted to study the effect 
of cutting speed on the magnitude and variation of tool-chip 
interface temperatures. The method used was the same as that 
employed in previous papers by one of the authors (13). The 
carbide tools in the tool-work thermocouple setups were similar 
in composition® to the C-4 and S-4 tools used in the cutting-force 
Other cutting conditions were likewise the same. 

Readings of the surface speed, potentiometer millivolts, and 
room temperature were taken and recorded for each cut. The 
millivolt readings were corrected to calibration reference-junc- 
tion temperature and transposed to tool-chip interface tempera- 
ture (deg F) from the calibration curves. The calibration curve 
for tool 8-4 is shown in Fig. 8. 

The cutting-temperature tests were conducted on annealed 
stock B-2 (180 Bhn), and the results of several duplicate tests, all 
The cutting 


tests 


in close agreement, are summarized in Fig. 9. 


* Supplied by the same manufacturer but not necessarily identical 
in composition 
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- speed - cutting temperature relationship for tool 5-4 is a straight 
line on logarithmic co-ordinates up to the speed at which dank 
build-up oceurred. The formation of the build-up was accom- 
panied by an abrupt rise in the cutting temperature. The sub- 
; sequent disappearance of the build-up (in about 15 sec) was 
- eoincident with the sudden decrease in temperature as shown 
This test was repeated several times with freshly ground tools 
and the same decrease in the range of 125 to 150 F was noted. 


‘The slope of the cutting speed - cutting temperature line is much 
Jess above the flank build-up speed 


an observation in accord 
- with the effect on tool forces. 


"The curve for tool C-4 follows the same general pattern up to 


the flank build-up speed. However, the temperatures are con- 
siderably lower—a matter attributed primarily to the larger con- 
tact area with the C-4 tools. This aspect was investigated at 
four different speeds below that at which flank build-up occurred 
and the data summarized in Table 3. It is noted that the con- 
tact area decreases with increase in speed for both tools and that 
the area for tool C-4 is greater than that for 5-4. As a conse- 
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quence, the cutting temperatures for C-4 are lower since the heat 
is distributed over greater area. 

The curve for tool C-4 reveals that the temperature rise coin- 
cident with flank build-up is greater, over 200 F, and the cutting 
temperature did not drop back since the build-up remained on the 
tool. The change in slope for the S-4 tool at the flank-build-up 
speed is thought to be due to the formation of a protective oxide 


TABLE 3 RESULTS OF CONTACT-AREA TESTS 


Work material: Nodular iron stock B-2; depth of cut: 0.100 in 
annealed, 180 Bhn; feed: 0.0098 in.; tool shape: 0-4-7-7-S-0-" 4 
- ——— Tool 8-4 

Cutting Contact Interface 
speed, area, temperature, 
sfpm deg F 

140 718 
1 858 
245 § 1015 
285 1105 


Contact 


film on the tool, while the change for the C-4 tool is believed to ze 
due to the flank build-up itself. The reduced slope for tool C-4 

above flank build-up speed may not reveal the true picture. 

The toolwork thermocouple is, in effect, a number of parallel 

thermocouples and indicates an average temperature over the 
area of contact of the dissimilar metals. The presence of flank 

build-up adds extra parallel thermocouples which are somew hut 

removed from the region of maximum temperature. For this 

reason, comparison of the cutting temperature for tools C-4 and 

8-4 above flank-build-up speed should be done with caution. 

At sbout 600 sfpm the two tools indicate equal interface 
temperatures, yet the cutting force F,, for tool C-4 is nearly 50 
per cent greater and the thrust is 4 times as high. Furthermore, 
the chips and flank adhesion were visibly red with tool C-4 
whereas no such tendency was noted with the steel-cutting grade. 
This observation together with the higher forces may point to an 
impaired tool life. On the other hand, the flank build-up may 
protect the cutting edge sufficiently to augment the tool life. 

Although it is recognized that tool forces and cutting tem- 
peratures are significant in their effect on tool life, other factors 
such as interface friction, abrasiveness of the work material, and 


tool-chip contact area are also important. While it was desira- 
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ble to conduet life tests on’ tools C-4 and 5-4 at 600 s‘pm to 
evaluate the effect of flank build-up, such studies could not be 
undertaken due to a shortage of stock. In the absence of these 
tests, no predictions are made on the basis of short-time runs. 


FLANK-ADHESION Tests 


The occurrence of flank adhesion, or build-up, and its effect on 
tool forces, cutting temperatures, and surface finish is thought to 
be significant in a better understanding of the machining process 
as applied to nodular iron. The fact that the extent of the build- 
up varied with the type of carbide tool on a particular condition 
of the workpiece suggested that certain elements or compounds in 
the tool may be a fundamental cause of the different behavior 

Oxide-Film Theory. Skaupy (14) and Metcalfe (15) have pro- 
posed an oxide-film theory which postulates that the superior 
steel-cutting performance of carbides containing titanium carbide 
(TiC) can be accounted for by the formation of a TiQ, film at 
cutting temperatures. This oxide film interposed bet ween the tool 
surface and the chip prevents intimate contact between the 
chip and the carbide, Metealfe further suggests, on the basis of 
x-ray evidence, that the oxidation of TiC to TiO, oceurs readily 
because “it does not involve disruptive movement of the atoms” 
and that the oxide layer is “adherent, tenacious, and nonporous.” 
Furthermore, while TiC is oxidized at a lower temperature than 
WC, the TiO, film protects the material against further oxidation 
at higher temperatures. This protection is not offered to the 
tame extent by the “bulky and porous WO,"’ according to 
Metcalfe 

Dawihl (16) concurs, in general, with the foregoing hypothesis 
and states that the cratering of the tool during steel cutting is 
caused by the alternate welding and tearing apart of the chip and 
tool material. He states further that there is no welding be- 
tween TiO, itself and steel, and that the TiO, film inhibits con- 
tact between the carbides and the chip, thereby retarding the 
welding-on tendencies. Dawih! found that the oxidation of TiC 
raised the welding-on temperatures by several hundred degrees. 

The cutting tests on nodular iron gave excellent evidence of 
flank adhesion whenever it occurred, Therefore a number of 
short-time supplementary tests were conducted on annealed iron 
stock B2, 180 Bhn) in an attempt to discover the conditions 
under which flank adhesion would, or would not, occur. The 
tools consisted of two groups, one containing titanium carbide 
and the other no titanium carbide. Flank adhesion was indi- 
cated by the abrupt increase in tool forces and appearance of the 
flank build-up extension. 

Tools Containing Titanium Carbide. Several representative 
tools (+1, 8-3, and S-4) containing titanium carbide were tested 
for flank adhesion, and all responded in the same genera! manner. 
Tool 8-4 was typical of the group and responded as follows when 
subjected to the series of tests: 

Ata cutting speed of 350 sfpm flank build-up developed rapidly 
and, after the maximum tool forces were reached, the build-up 
was observed to disappear in 15 sec. 

The tool was reground and tested at 495 sfpm 
formed but took only 5 sec to disappear. 

Immediately following this test, and without regrinding, the 
tool was tested at speeds ranging from 100 to 700 sfpm and at no 
time did the build-up reappear. The flank of the tool was then 
dressed lightly with a diamond hone and tested again at 350 sfpm. 
The flank build-up developed and disappeared as before. The 
flank was honed again and retested at 495 sfpm with the same 
results. 

The tool was reground and the flank was heated with a slightly 
oxidizing, oxyacetylene flame to a temperature of approximately 
1250 F. Following this treatment, cutting tests over the entire 
range of speeds from 100 to 700 sfpm failed to show any sign of 
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flank build-up or irregularities in the tool-force pattern. When 
the flank was lightly honed and the tool was tested at 350 
sfpm, the flank build-up again appeared and was removed by 
continuing the test for about 15 sec. 

Tool C-3, containing only a trace of titanium, was tested at 
various speeds and reacted somewhat differently. Flank build-up 
started at 360 sfpm, and the force readings fluctuated rapidly as 
the build-up alternately appeared and disappeared. Continua- 
tion of the test to 685 sfpm resulted in no permanent removal of 
the build-up. 

Tools Containing No Titanium Carbide. Tools C-4, C-5, and 
C-6, containing no TiC, were subjected to a series of tests similar 
Once flank build-up occurred it was not re- 
moved by additional cutting at any speed within the capacity of 
the lathe and for periods of time up to 3 min. Heating the car- 
bide inserts to approximately 1250 F as was done for the TiC- 
bearing tools failed to prevent flank build-up which still occurred 
at nominally the same speeds observed with the freshly ground 
tool. 

Formation of Flank Build-Up. The separating surface of the 
chips produced during these tests revealed evidence of a built-up 
edge on the tool. In general, this condition was more severe 
with the cast-iron cutting grades of carbide. 

It is thought that some of the particles of the built-up edge are 
torn loose from the chip or workpiece and squeezed past the 
cutting edge. At high cutting speeds the particles are heated 
sufficiently to adhere to the flank of the tool probably by some 
sort of welding phenomenon. Formation of the flank build-up 
evidently occurs by this thermomechanical action. It was noted 
throughout the tests on annealed nodular iron that flank build-up 
occurred at practically the same speed regardless of the grade of 
carbide tool being used. When the adhering particles decrease 
the clearance enough to cause a sudden increase in tool forces the 
temperature rises suddenly. It is suggested that TiO, formation 
then takes place and the adhering flank build-up is swept free 
from the tool. 

If the tool contains no titanium, the flank build-up continues 
and forms a tail as shown in the illustrations. It may be that at 
higher speeds (and temperatures) the WC tools exhibit WO, 
formation with effects similar to those observed for the steel- 
cutting grades. 

Flank-Adhesion Tests—Summary. The flank-adhesion tests 
point to a “barrier effect’ of a TiO, film caused by heating the 
carbide insert. No evidence of flank adhesion was observed once 
this oxide film was formed. Whether this condition would re- 
main for a longer duration of cut is not known. The tests do, 
however, appear to support the hypothesis proposed by Skaupy 
and Metcalfe. The evidence may be summarized as follows for 
the short-time tests: 

(a) All tools containing little or no TiC showed flank build-up 
on both as-cast and annealed nodular iron. 

(b) All tools which did not display flank build-up on as-cast 
stock or only temporary build-up on annealed material, contained 
Tic. 

(c) Tests on TiC bearing tools which showed temporary 
build-up on the annealed stock indicate that adhesion occurred 
at a temperature below that of TiO, formation. Presumably 
the additional flank friction then raised the temperature suffi- 
cently to cause oxidation to TiO, after which the adhering flank 
build-up was swept away. The time necessary for removal of 
fiank build-up was reduced at higher cutting speeds (and tem- 
peratures). This was probably due to the more rapid formation 
of TiO,. Since these tests were all of short duration, it is quite 
probable that oxide-film formation would occur at somewhat 
lower speeds (and temperatures) on longer runs. 

(d) Once the TiO, film had been formed by cutting action, 
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flank build-up did not occur until the tool had been reground and 
oxide film removed 
in (e) When the flank of a freshly ground tool containing TiC 
_ Was oxidized at 1250 F prior to use, no flank build-up occurred 
over the range of 100 to 700 sfpm. The same treatment was not 
_ effective in the prevention of flank build-up in the non-TiC tools. 
7 am (f) An indication that the formation of an effective oxide film 
_ depends upon the amount of TiC is gleaned from a comparison of 
_ test results for tools 8-2 and C-3. S-2 containing 32 per cent of 
TiC showed no evidence of flank build-up under any condition 


G a m tested. Tool C-3 with only a little (fraction of 1 per cent) TiC 


oat 2 formed a flank build-up which was unstable and alternately formed 
and disappeared at high speeds and elevated temperatures. — Evi- 
_ dently the oxide film was not extensive enough to serve as an 
_ effective barrier. 


CONCLUSIONS 


The following conclusions are based upon the short-time test 
procedures used in this investigation: 


1 Typical cast-iron cutting grades of carbide exhibit flank 
build-up when machining both as-cast and annealed nodular iron 
under the present cutting conditions. Steel-cutting grades of 
~ earbide do not show flank build-up on as-cast nodular iron but 
_ temporary build-up does appear when the iron is in the annealed 
condition, 

2 Flank build-up occurs gradually in the cutting of as-cast 
nodular iron whereas with annealed stock the action takes place 
rather abruptly. In general, this adhesion phenomenon is much 
more pronounced in the case of annealed nodular iron. 

3 Flank adhesion results in a large increase in tool forces. 
The action is a gradual one in the as-cast material but abrupt for 
the annealed stock. 

4 For similar steel-cutting grades of carbide, the tool forces 
for the nodular iron, both as-cast and annealed, are lower than 
those encountered in steels of approximately the same hardness 
as the annealed iron. (NE 9445, 183 Bhn and SAE 52100, 187 
Bho.) 

5 The formation of the flank build-up, if abrupt, is accom- 

_ panied by a sudden rise in the cutting temperature. 

6 Machining with the presence of the flank build-up on the 

tool has the following undesirable effects: (a) Higher cutting 

- temperatures, (b) higher tool forces, and consequently larger 
power consumption, (c) impaired dimensional accuracy, and (d) 
inferior surface finish. 

7 Formation of the flank build-up appears to be a thermo- 
mechanical action. The kind of welding which takes place is not 
unlike that which occurs in metal spraying 

8 Results of the flank-adhesion tests indicate the existence of a 
barrier effect of a TiO, film. The evidence supports the con- 
tention that the superior steel-cutting performance of carbide 
tools containing TiC is due to the presence of the oxide film. 
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Discussion 


M. Evcent Mercaant.’ The authors have prepared an in- 
teresting paper on the characteristics observed in their machining 
tests on nodular cast iron. They put particular emphasis on the 
flank build-up which they observed when machining this material. 
However, it should be pointed out that this particular behavior is 
not peculiar to nodular cast iron alone. It is observed when 
machining many types of cast iron, as well as some other ma- 
terials, when machining conditions are similar to those used by the 
authors. When this flank build-up occurs in the machining of 
any of these materials it produces the same adverse effects as 
those noted by the authors. 

The authors make a good case for the conclusion that the 
formation of a film of titanium oxide on the tool will prevent 
flank build-up, or adhesion. This is interesting to note, since this 
action is apparently another example of the chemical functioning 
of a cutting fluid to reduce friction and adhesion by the formation 
of a low-shear-strength solid film at the interface between tool and 
work material. In this case the cutting fluid is the oxygen of the 
air, and it reacts with the titanium carbide in the tool material, 
under the action of the high temperatures and pressures that exist 
at the sliding surfaces, to form a relatively low-shear-strength film 
of titanium oxide at that interface, thereby reducing metal-to- 
metal contact, adhesion, and friction. In the more common types 
of cutting-fluid action, the fluid is usually a liquid, and one or 
more of the chemical additives which it contains (for example, 
chlorine-containing compounds) reacts with the work material at 
the chip-tool interface, under the action of the high temperatures 
and pressures that exist there, to form a low-shear-strength solid 
film (for example, iron chloride) thereby reducing metal-to-metal 
contact, adhesion, and friction. Thus the authors’ findings serve 
to extend the field of knowledge of the chemical action of cutting 
fluids in machining. 


7 Assistant Director of Research, The Cincinnati Milling Machine 
Company, Cincinnati, Ohio. Mem. ASME 
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L. J. Nowixows«1." It is a well-known fact that tool-chip ad- 
hesion takes place when machining a variety of materials. In 
some cases, turning gray iron, for example, the flank adhesion is as 
exaggerated as that obtained by the authors when turning nodu- 
lar iron. 

The tool-chip adhesion that takes place when turning such ma- 
terials as cast steel, titanium, and high-temperature alloys ix not 
severe as that obtained when turning the gray and nodular cast 
irons. The interesting thing is that it takes place even when 
using the steel-cutting grades of carbide. 

The problem of reaction between tool and chip interface is 
basically the same whether the adhesion takes place along the tool 
flank or the tool face. The theory of TiO, film formation suggests 
the possibility of more work being done on carbide tools to 
eliminate tool-chip adhesion when machining any material. 

One is liable to gain the impression after reading this paper that 
the steel-cutting grade is definitely superior to that of the cast- 
iron grade of carbide in. turning the nodular iron. The authors 
are making no predictions on 
We have found inour 


have been careful to point out they 
the basis of their short-time tool-force runs. 


laboratory tests that the cast-iron grades of carbide appear to 


provide longer tool life than the steel-cutting grades. For ex- 
ample, we have found that in cutting an as-cast nodular iron— 
similar to that used by the authors, the tool life with the cast-iron 
grade of carbide at 300 fpm and 0.010 in. per revolution feed was 
2.75 times that of the steel-cutting grade of carbide (40 min 
versus 14.5 min.) In cutting the as-cast nodular iron we have not 
observed any cases where superior tool life could be obtained by 
use of the steel-cutting-grade carbide. All of our tests were made 
at cutting speeds where a reasonable tool life was experienced. 
By reasonable we mean a tool life of at least 10 min. 

At this point the question might arise as to how the flank wear 
was determined when tool-chip adhesion took place. At first the 
chip adhesion presented a definite problem since it covered the 
wear land completely. After experimenting it was found that by 
rotating the workpiece at extremely slow speeds, 50 to 75 fpm, and 
allowing the tool to come in contact with the workpiece under 
power feed for a few seconds, the chip removed completely with no 
effect on the carbide cutting tool. Applying a copious supply 
of water-soluble cutting fluid during the chip-removal operation 
aids in freeing the built-up adhering chip. 

This- problem of tool-chip adhesion is interesting, and the 
study should be continued further. We believe it is part of the 
old problem of tool-work compatibility. We have found that cer- 
tain carbides wear excessively when cutting certain alloys that 
ordinarily should be easy For example, carbides 
wear rapidly in machining silver which iv extremely soft. Like- 
wise certain steel-cutting grades of carbide wear more rapidly 
when machining alloy steels annealed to a softer state than a 
The over-all problem of wear of carbide as a func- 


to machine. 


harder state. 
tion of carbide composition and workpiece composition deserves 
wider attention and additional study. 

It is hoped that- this paper will not leave the erroneous impres- 
sion that nodular iron is more diffieuit to machine than compara- 
ble engineering alloys. On the contrary, it has been found that for 
equivalent hardnesses nodular iron machines practically the same 
as flake-graphite cast iron. If the tool-life comparison is made on 
the basis of equivalent tensile strength, then it is found that the 
nodular iron machines in a far superior manner to that of the 
flake-graphite cast iron. For example, for equivalent tool life, 
a flake-graphite cast iron with 60,000 psi tensile strength would 
have to be machined at approximately 
nodular iron having a tensile strength of 70,000 psi could be 


150 fpm whereas a 


* Metallurgical Engineer, Metcut Research Associates, Cincin- 


nati. Ohio 
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machined at almost a 1000 fpm (see Fig. 10, herewith, taken from 
United States Air Force Machinability Report—1950). 

In our opinion it would have been more appropriate for the 
authors to make this investigation of chip adhesion on flake- 
graphite cast irons and thus avoid what might be confusion in 
presenting an old problem on a new alloy. 


bic. 10 


Avutnors’ CLosURE 


The flank adhesion phenomena encountered in this investiga- 
tion appears to be similar to the effect of cutting fluids in so far as 
the formation of a low-shear-strength film is concerned. The ab- 
sence of flank build-up was associated with low tool forces, indica- 
tive of a reduced frictional sliding stress. 

In point of further information on the oxide-film aspects a few 
supplementary tests were conducted after the manuscript had 
been submitted. These tests were performed on tool S-4 in vari- 
ous atmospheres. The test conditions were the same as those for 
Figs. 5 and 6 of the paper, except that the cutting speed was con- 
stant at 330 sfpm. The observation of prime interest was the 
duration of flank build-up, that is, the elapsed time between the 
inception of the rise in tool forces and their return to (or slightly 
below) the ‘“‘quickly observed”’ initial reading. The 


results are 

summarized in the accompanying Table 4 Jo 

TABLE 4 SUMMARY OF TEST RESULTS 


Tool-forces-lb 
- -—Peak— —End— 
Atmosphere Fe Fe "co 
Still air.. 236 #117 312 285 
No stream 236 #4117 #315 272 
stream 236 «117 


Elapsed time to 
return, min 
0.63 


0.5 
0 04 to 0 05 


The nitrogen and oxygen-enriched atmospheres were provided 
by directing a stream from a welding torch upward along the tool 
flank. The slightly lowered elapsed time in the nitrogen-en- 
riched atmosphere is attributed to better agitation of the oxygen 
from the inspirated air. The removal of the incipient flank adhe- 
sion occurred so rapidly in the oxygen-enriched atmosphere that 
the increase in forces could not be observed. 

These supplementary tests corroborate those reported in the 
body of the paper and leave little doubt but that a TiO, film is 
effective as a barrier to flank adhesion. The lower tool forces may 
be accounted for on the basis of a low-shear-strength film as 
pointed out by Dr. Merchant. However, this does not necessarily 
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_ 3 mean a longer tool life. The oxide film is not a barrier to tool 

wear. In fact, quite the contrary is the case as will be pointed out 
in a later section of this closure. 

As clearly stated in the paper and referred to by Mr. Nowi- 

: _ kowski in his remarks, no tool-life predictions were made on the 

basis of short-time tool-force tests. The principal objective of 

this investigation was a study of the tool-chip adhesion phenom- 

ena, and sufficient stock of a given composition was not availa- 

ble for extensive tool-life studies. However, some further work 

was possible, and the remainder of the stock has since been utilized 

in tool-life tests on the basis of flank wear. The results are sum- 
marized in Fig. 11 of this closure 

: During the series of tests reported in this figure it was noted 

that neither tool S-1 nor S-2 showed flank build-up and the flank- 

: * wear pattern was generally uniform and easily measured. Flank 

adhesion occurred with the C-tools and was not readily removed 

: by cutting at speeds of 40 to 50 fpm. The wear land could be de- 

lineated by a grinding technique in which the build-up was re- 

_ moved by grinding with the identical angle setting employed in the 

7 - finishing of the tool flank. While this method is subject to error 

unless extreme care is used in grinding, it did provide a repro- 

due ible means of determining flank wear, Tool C-1 is not in- 

cluded in Fig. 11 since the cutting speed was 372 fpm (380 sfpm) 

“a while the other tools were tested at 270 fpm (282 sfpm). Under 

this difference in speed the wear relationship for C-1 was close to 


cutting Time MIN 


Fie. 11 Cormne-Time Toor-Wear Re ror Various 
Toots 
(Work material: Nodular iron, stock B-1, as-cast, 246 Bho 
0.101 in. feed: 0.0098 ipr. Tool shape: 0-4-7-7-8-0-4/e 
270 fpm, mean.) 


Depth of cut: 
Cutting speed: 


the flank build-up exerts considerable protective effect on the 
tool. Higher tool forces are more tolerable than rapid tool wear. 

S1. The authors agree heartily with Mr. Nowikowski that the prob- 
; It is evident from Fig. 11 that the TiC bearing tools were defi- lem of tool wear deserves more study. 


 nitely inferior to the non-TiC tools in regard to flank wear. The 
_ wear curves illustrated in Fig. 11, taken in conjunction with the 
_ force curves in Fig. 3 of the paper, are a further indication of the 


The authors fail to see how Mr. Nowikowski can gain ‘the er- 
roneous impression that nodular iron is more difficult to machine 
than comparable engineering alloys.” If he will refer to the 


- complex mechanism of tool wear. Even though the tool forces 
for 8-1 and S-2 are lower (initially) these tools wear much more 
_ rapidly than the cast-iron cutting grades C-2 and C-3. Evidently 


fourth paragraph of the paper he will find the same machinability 
comparisons as those expressed in his discussion, taken from the 
same source, 


ar 


S 


» 


A Comparison of Pz 


y L. V. COLWELL,’ H. 


This investigation was designed to compare several 
types of data as parameters for predicting cutting speeds 
for gray iron. A series of eleven irons, representing ranges 
of alloys, ferrite, graphite, and mechanical properties was 
used in the study. Cutting forces, power, and energy 
were determined from drilling and milling tests, and 
cutting speed - tool life lines were determined for each of 
the irons. Finally, correlations were attempted between 
the cutting speed (V20) for a 20-min tool life, and all other 
available types of information. The net result of this 
approach was a comparison of the relative reliability of 
the different types of data. This comparison showed 
that combined carbon, microhardness, and the nuclea- 
tion or graphitizing tendency hold the greatest promise 
of developing into reliable parameters, while Brinell hard- 
ness, tensile strength, drilling forces, and milling power 
show little promise of providing useful information. 
This study was preliminary in nature and was intended 
only as a screening process for narrowing down the field 
for future investigations. Consequently, the correla- 
tions between cutting speed and combined carbon, micro- 
hardness, and nucleation tendency are undeveloped, and 
applications should not be attempted without further 
investigation. 


W E are still far short of the goal of being able to predict the 


proper cutting speed for a given tool life for the ma- 
chining of cast iron, steel, and other metals. Many of 
the factors which determine tool life are not understood thor- 
oughly, and it appears likely that there are others which have not 
even been discovered as vet. There are so many variables to be 


TABLE 1 CHEMIE 


) 


F 


* Combined carbon is obtained as the difference between total costes and graphitic carbon (plus HNO, insoluble carbides. if any). 


> Average of duplicate test specimens machined from 1.2-in 
© No analysis. 


bars 


i Professor of Production Engineering, University of Michigan, 
Ann Arbor, Mich. Mem. ASME. 

? Ford Motor Company, Ypsilanti, Mich.; formerly Assistant Pro- 
fessor of Production Engineering, University of Michigan. 

* Albion Malleable lron Company, Albion, Mich.; formerly Asso- 
ciate Professor of Production Engineering, University of Michigan. 

Contributed by the Production Engineering Division and Cutting 
Fluids and Metal Cutting Data and Bibliography Researe h Commit- 
tees and presented at the Annual Meeting, Atlantic City, , Nov- 
ember 25-30, 1951, of Tue American Socrety or Mecnanicat En- 
GINEERS. 

Note: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of 
the Society. Manuscript received at ASME Headquarters, August 
30,1951. Paper No. 51—A-47 
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considered that the amount of work to ‘be ope eceme | almost 
limitless. This investigation was designed to permit a compari- 
son of several types of data and parameters for the machining of 
cast iron. It was believed this approach would narrow down the — 
field and limit the amount of work to be done in the future by 
revealing those factors which show the greatest promise of corre- 
lating with cutting speed. 

The results of this study demonstrate that many of the varia- 
bles correlate with cutting speed in a very general way in that | 
they show definite trends over a broad range of the variable. 
However, they fail completely when used as bases for predictin 
change in cutting speed from one typical iron to another. Mi- 
crostructure, mechanical properties, chemical composition, anc 
metal-cutting data other than the cutting speed - tool life relation- 
ship were considered as possible parameters for predicting cuttin 
speed. A comparison of these shows that microhardness, com 
bined carbon, and the nucleation or graphitizing tendency giv 
the greatest promise of developing into useful parameters for 
predicting the proper cutting speed to be used for machining cast 
Iron. 


Tue Cast [rons Prerareo ror Tuts 


A series of twelve irons, differing in composition, were prey 
for this machinability study. Number four of the series could 
not be machined and therefore was abandoned. The chemical 
compositions of the remaining eleven irons as obtained by chemi- 
cal analysis are shown in Table 1, along with the mechanical 
properties. All of the irons were of the so-called gray-iron type 
and did not include either malleable or the new ductile irons 
Microstructures of all the irons are shown at X 1000 in Figs. 1, 
and 3. Irons Nos. 1, 3, 7, and 10 are shown in Fig. 1; these 


2, 


CHANICAL PROPERTIES OF [TRONS TESTED 
Tensile” 
strength, 


Weight, per cent 
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irons might be called either a plain-carbon or a silicon series since 
the manganese, phosphorus, and sulphur are all normal except for 
a somewhat higher sulphur in iron No. 3. Irons Nos. 1 and 3 are 
almost identical in composition and the microstructure shows 
about 5 per cent of ferrite in each of them. Iron No. 10 with 
higher silicon shows about 40 per cent ferrite while iron No. 7 
with the highest silicon shows approximately 90 per cent ferrite. 
Fig. 2 shows the structures of irons Nos. 8, 2, and 5, respec- 
tively, representing plain nickel, nickel-chrome, and nickel-molyb- 
denum irons. Fig. 3 shows irons Nos. 6, 11,12,and 13. The first 
of these, No. 6, would belong to the silicon series except for high 
manganese accompanied with very low sulphur and phosphorus 
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IRON NO. 7 IRON NO. iO 


A Serres oF Lrons Stuicon Perce ntaces or 2.67, 2.02, 3.65, anp 2.81 1n Irons Nos. 1, 3, 7 
ano 10, RespreTiveLy 
Corresponding ferrite percentages are approximately 5, 5, 90, and 40.) 


IRON NO. 5 


Inons Nos. 8, 2, 5 Contain Nicken, anp Nicket Mocyapenum, Respectivecy 
Iron No. 8 is also low in silicon, contaming only 1.64 per cent 
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IRON NO. 6 


Fic. Ikons Attovepo Wir MANGANESE AND CHromium 
Nos. 6 and 13 contained over | per cent of manganese. Nos 


Nos. 11 and 12 
No. 13 contains small amounts of nickel, 


and must be considered as an alloy iron 
are chromium irons. 
chromium, and molybdenum along with high manganese and 
very high phosphorus. Lron No. 12 also contained very high 
With the exception of irons Nos. 7 and 10, all of the 
irons were substantially all pearlite. 

The mechanical properties of the irons are given in Table 1. 
The tensile strength was obtained from the average of duplicate 
specimens machined from 1.2-in. rounds; there are no strength 
data for iron No. 1, since the test bars were lost. 


phosphorus. 


Macminine Tests 


The machining tests included turning, drilling, and milling 
The turning tests were used to determine the cutting speed - tool 
life relationship while the other types of cuts were used to obtain 
information on cutting forces and energy consumption or power 
requirements, 

In cutting cast iron the chips are always well broken, the force 
and power requirements are low, and there is little latitude in the 
surface finish. Consequently, the cutting speed - tool life rela- 
tionship remains as the most important factor or criterion of 
machinability for gray irons. Therefore cutting speed for a given 
tool life was treated as the only important dependent machining 
property, and all other types of metal-cutting data obtained were 


COMPARISON OF PARAMETERS OR 


VACHLSING OF GRAY CAST 


11 and 12 contained 0.58 and 1.10 per cent of chromium, respectively.) 


considered along with the structure, mechanical properties, and 
composition as possible criteria for predicting change in cutting 
speed, 


Cuttine Sreep - Toot Lire Tests 


The cutting speed - too! life equation was determined for each of 
the eleven irons with the same tools and the same size of cut. 
The tools were '/;-in-square bits of 18-4-2 high-speed steel as 
made by Braeburn. They were ground to the shape 0, 6, 6, 6, 6, 
15, */e. All cuts were made dry on a 14-in. American “Pace- 
maker’ engine lathe at a depth of cut of 0.050 in. and at a feed of 
0.010 ipr. The material turned was cast in the form of 6-in-diam 
 18-in-long cylinders cored to 2 in. diam. Approximately '/, 
in. was removed from the outer surface in preparing for the turn- 
ing tests. All tools were run to final breakdown failure. 

The results of the tool-life tests are shown plotted in Figs. 4, 5, 
and 6 and summarized in Table 2. 

The cutting speed for a 20-min tool life (V20) was selected as 
the single property of the tool-life curve for comparison with the 
other data. This relatively high speed was selected in preference 
to V480, for example, because the latter would have to be ob- 
tained by extrapolation, and slight errors in slope would lead to 
substantial errors in the extrapolated speed. The values of V20 
as given in Table 2 are compared with other machining data, with 
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| | | 
wee 
TOOL LIFE 


Fie. 4 Cwrrine Spreep - Toor Lire Lines 


frons Nos. 1 and 3 were quite similar in composition and both contained 
approximately 5 per cent of ferrite, while No. 2 contained nickel and chrom- 
jum. 18-4-2 type high-epeed-steel tools at a feed of 0.010 ipr, and a depth of 
cut of 0.050 in. Points represent time for final breakdown failure of tools.) 


CUTTING SPEEDO F Pm iv) 


TOOL LIFE (T)—MINUTES 


Fie. 5 Currine - Toor Lire Lines 


(Same cutting conditions as in Fig. 4. Iron No. 7 with high silicon 
contained about 90 per cent ferrite.) 


microstructure, with mechanical properties, and with chemical 
composition, in an effort to find a good correlation. me 


TABLE 2 SUMMARY OF TOOL LIFE TESTS 
Depth of cut = 0.050 in 

Feed = 0.010 ipr To shape: 0, 6, 6, 6, 6, 15, */s 
"Ts 


tron no. 


0 
0 
0 
0 
0 
0 
0 
0 


one 


Curtine Sreep Verses Torqueé anp Turust 

A standard two-flute '),-in-diam twist drill was used to drill 
the irons at a speed of 354 rpm and at feeds of 0.004, 0.006, and 
0.009 ipr. An indicating dynamometer provided continuous 
readings of torque and thrust. These readings were plotted on 
log-log co-ordinates and extrapolated to a feed of 0.010 ipr. The 
values of both torque and thrust at this feed are shown in Table 3. 

The cutting speeds (V20) are shown plotted against the corre- 
sponding drill-torque values in Fig. 7. The numbers opposite 
each point identify the corresponding iron as given in Table 1. 
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TABLE 3 DRILLING TORQUE AND THRUST 


Drill diameter = '/: in. Feed = 0.010 ipr 
no. Torque, lb-ft Thrust, ib 


aS 


CUTTING SPEED FPM (Vv) 


TOOL LIFE (T)—MINUTES 


Fic.6 Curtine - Toor Lire Lines 


(Same conditions as in Figs. 5 and 6. Iron No. 10 contained about 40 per 
cent ferrite.) 
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Fic. 7 Cvuttine Sreep Versus Daitt Torque 
ne represents expected variation of cutting speed with drill torque 
phew with two-flute twist drill. Drill was reground 
Correlation is very poor.) 


(Dashed li 
Tests were 
between successive tests. 


The dashed line in Fig. 7 indicates the expected trend of decreas- 
ing cutting speed with increasing drill torque. It is obvious that 
drill torque cannot be relied upon to give an accurate indication of 
change in those properties which determine the cutting speed. 

Fig. 8 is a plot of the cutting speed (V20) against the corre- 
sponding drill-thrust values. Again, a dashed line has been used 
to indicate the expected general trend. The distribution of points 
is substantially different from the torque values, and the rela- 
tive positions of the irons are radically different. It is obvious 
that drill thrust also is not a useful parameter for predicting 
cutting speed for a given tool life. 


Curtine Speep Versus Miturnc Power 


A No. 2 vertical-spindle milling machine was set up with a 10- 
tooth, 2’/s-in-diam high-speed-steel cutter with 0 deg radial rake, 
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Fic. 8 Sreepo Versus Turvst 


Correlation with drill thrust is poor. Dashed line represents expected trend. 
Feed rate was 0.010 ipr; speed was 354 rpm, and drill diameter was '/: in.) 


—5 deg axial rake, a '/\-in. X 45-deg chamfer, and 6-deg relief 
angles. A series of tests was run on 2-in, X 6in. X 18-in-long 
cast bars for which the feed, depth of cut, width of cut, and cut- 
ting speed were varied, and the input horsepower was recorded on 
& wattmeter. The data thus obtained were orderly and consist- 
ent for allirons. The indicated horsepower was reduced to horse- 
power per cubic inch per minute and the average for a feed of 
0.010 in. per tooth, a width of 0.500 in., and depths of 0.200, 0.300, 
0.400, and 0.500 in. was determined for the purpose of this study. 
The effect of depth of cut was almost negligible for the test range, 
thus making it possible to use 40 test points in obtaining the 
power values. The cutting speed was 61 rpm or 46 fpm. The 
horsepower per cubic inch per minute values are summarized in 
Table 4. 

TABLE 4 


MILLING-POWER VALUES 


Iron 
Hp cu in min 
0.71 
0.73 
© 80 
0 76 
071 
51 


Hp, cu in/min 


0.72 
0.57 


CUTTING SPEED FPM V,, 


10 
MILLING POWER (HP /CU IN /MIN) 


Fic. 9 Curttine Speep Versus Mitiinc Power 


Milling-power data were obtained with a dam. 10-tooth 
= with 0 deg radial rake and negative 5-deg helix angle. Feed = 0.010 
: 61 rpm; '/: in. width of cut. Data are average for 0. 200, 0. 300, ©. 400 
and 0.500 in. depth of cut.) 


The dashed line in Fig. 9 shows the expected trend in cutting 
speed with increasing power requirements. Although the corre- 
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lation is better than with drilling, it is still far short of the preci- 
sion necessary to provide a useful parameter for predicting cutting 
speed and tool life. In order to predict tool life within plus or 
minus 30 per cent, it is necessary to predict cutting speed accu- 
rately within plus or minus 3 to 5 per cent depending upon the 
slope of the tool-life curve. 


Curtine Speep Versus Mituine Enercr 


In a different series of milling (ests a pendulum-type dynamome- 
ter was used to obtain direct readings of the number of foot- 
pounds of energy required to cut one chip of a given size. The 
cutting tool was a single-point high-speed-steel tool, ground and 
mounted so as to provide 5 deg radial rake. 0 deg axial rake, and 6 
deg relief. The cutter was used to cut a groove '/, inch wide. 
The tests were made at a constant depth of 0.100 in. and over a 
range of feeds so as to obtain accurate values at a particular feed. 
Table 5 gives the energy per chip, and the corresponding values of 
horsepower per cubic inch per minute for a cut 0.100 in. deep and 
0.250 in. wide at a feed of 0.010 in. per tooth. 


TABLE 5 
Energy 


MILLING-ENERGY VALUES 


Energy 

per 

Hp cu chip, 
in min ft-lb 


1 03 
1 065 


= 
a 

° 
3 

> 


MILLING ENERGY (FT. LBS /CHIP) 


Fic. 10 Cutrine Sreep Versus Mituine Enenoy 


(Data ob d with a dul type dyna t Feed = 0.010 ipt; 
depth = 0. 100 in. width of cut = 0.250 in. ) 


The milling-energy values are shown plotted with the corre- 
sponding cutting speeds in Fig. 10. The dashed line again shows 
the expected trend, but individual points deviate considerably 
from any central tendency. Lack of good correlation is not sur- 
prising in view of the complexity of the metal-cutting process. 
The relatively poor correlations shown in Figs. 7 to 10, inclusive, 
for drilling und milling forces and energy simply indicate that at 
least some of the factors determining cutting speed are different 
from those determining the cutting forees and energy consump- 
tion 


Currtine Speep Versus Microsrraucrure (Ferrirs) 


Fig. 11 shows the photomicrographs of irons Nos. 1,3, 10,and 7, 
respectively. It will be recalled that these four irons all con- 
tained norma! phosphorus and manganese and that the silicon 
was varied so that both Nos. 1 and 3 developed about 5 per cent 
free ferrite, while Nos. 10 and 7, respectively, developed approxi- 
mately 40 and 90 per cent ferrite. The cutting speeds (V20) for 
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*recise determination of percentage of constituents is a lengthy process and is subject to human equation when timesaving estimates are made.) 


these irons are shown plotted versus the estimated percentages of 
free ferrite. There are too few points to provide a precise correla- 
tion and furthermore the estimates of the amounts of free ferrite 
are of questionable accuracy. However, there ean be little doubt 
about the potency of increased silicon content in providing higher 
cutting speeds. Whether the higher speeds are due to the in- 
creased free ferrite, or the reduced amount of combined carbon or 
some combination of the two is not evident from these tests. A 
good argument can be made in favor of the smaller quantity of 
carbides since the zero elongation of the gray irons makes it dif- 
ficult for the ferrite to exert a beneficial effect on the mechanism 
of cutting 


Currine Sreep Versus Microsrructure (GRAPHITE) 


Fig. 12 contains photomicrographs of irons Nos. 10, 12, 5, 3, 
The 
with the 
The graph below the micrographs 
shows the corresponding cutting speeds for each of the graphite 
conditions. There appears to be an inverse relationship between 
graphite-flake size and cutting speed, excepting the first point. 
However, almost any desired shape of curve could be obtained 


and 8, which represent a descending series of graphite size. 
first four are all type A while the last one is type FE 
familiar dendritic pattern 


by selection, since there are either two or three speed selections 
for every flake size with the exception of the type E. Con- 


sequently, it may be assumed that there is no correlation between 
cutting speed and the graphite part of the microstructure. 

Graphite is undoubtedly a potent factor in the cutting of cast 
iron, but this appears to come about through the zero elongation; 
that is, the discontinuity contributed by the graphite flake gives 
rise to zero elongation and thus establishes the mechanism of 
cutting peculiar to gray iron. Its effect seems to end there since 
all shapes and sizes of graphite flakes in the quantities found in 
gray iron result in zero elongation. In malleable iron and 
ductile iron where the elongation is different from zero, the 
influence of graphite may be quite different 

Curtine Speep Versus TENSILE STRENGTH 

The tensile strengths for these irons were determined from 
duplicate specimens machined from the transverse bars. The 
as-cast specimens were less consistent and gave values only about 
40 per cent of the machined specimens. All of the materials for 
iron No. 1 were lost along with the transverse bar, so there is no 
tensile-strength data for this iron. 

The cutting speeds (V20) are plotted against the corresponding 
tensile strengths in Fig. 13. The attempted correlation is ob- 
viously poor, since the two highest and the lowest cutting speeds 
all occur at substantially the same strength, while the remainder 
of the points are distributed over a substantial area. Tensile 
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IRON NO. 8 
GRAPHITE E 
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— CUTTING SPEED VS. GRAPHITE 
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Fic. 12 Tuere Is No Consistent Corre tation Between Cutting Sreep anp Grarnite Type Size 
There are two or three alternative selections of cutting speed for each type and size of graphite with the exception of the last one, type E.) 
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20 


TENSILE STRENGTH (PS! x 10°) 


Fic. 13 Cutrmne Speep Versus Tensite STRENGTH 
] (Tensile specimens machined from transverse bars and duplicate tests made. 
Correlation with cutting speed is very poor.) 
strength gives the poorest correlation of all the data considered 
in this investigation. The dashed line in Fig. 12 is not intended 
to indicate any central tendency, but rather the expected trend 
of cutting speed as affected by tensile strength. 


Curttinc Sreep Versus Brine tt HarpNEss 
Fig. 14 is a plot of the cutting speeds against the corresponding 
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CUTTING SPEED FPM \, 


60 200 220 
BRINELL HARDNESS NUMBER 


Fie. 14 Curtine Speep Versus Brine. Harpness 
(Average of three hardness impressions on tool-life specimens. General 


correlation is fair, but specific correlation is poor, since both cutting speed 
and Bho are relatively precise quantities.) 


Brinell hardness numbers. The correlation is not good although 
it is somewhat better than that shown in Fig. 13 for tensile 
strength. It is significant that the distribution of points in Fig. 
14 is substantially different from that in Fig. 13. This indicates 
that there is not a precise correlation between tensile strength and 
Brine] hardness. 
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TRANSACTIONS 


Various values have been reported for the hardness of the 
microconstituents of ferrous alloys, and there is fair agreement 
on the appropriate values for simple constituents like ferrite and 
free carbide; however, some latitude may be expected for pearlite 
and other complex structures. The results of other investiga- 
tions were considered along with some work done on this in- 
vestigation to arrive at the approximate or average values of 
Knoop hardness numbers obtained with a 50-gram load (Table 6) 


TABLE 6 REPRESENTATIVE KNOOP HARDNESS NUMBERS; 


O-GRAM LOAD 
Hardness 
Constituent number 
Free ferrite 
Coarse pearlite 
Medium pearlite 
Tine pearlite 
Steadite 
Free carbide 


CUTTING SPEED FPM \, 


yoo 
KNOOP HARONESS NUMBER (50 GRAM 1040) 
15 


Pie Corrine Sreep Versus Mickonarpness 


(Hardness numbers are a linear weighted average applied to visual estimates 

of constituent percentages. A high sensitivity of average to percentage of 

constituents shows some promise Toe a good correlation. Proper treatment 

of this approach may require nonlinear weighting and may produce a non 
linear correlation.) 


Fig. 15 shows the cutting speeds (V20) plotted against average 
Knoop hardness numbers obtained by multiplying the percentage 
of each constituent by the appropriate hardness from the table 
and then dividing the sum of such produets for each iron by 
100. The correlation is very good and, furthermore, the in- 
dividual points not now on the curve can be corrected to the 
curve and yield completely reasonable percentages for the various 
constituents, 

It must be emphasized, however, that there is a fair amount of 
fortuitous circumstance surrounding the visual estimates of the 
of constituents, and there remains considerable 
doubt as to the validity of the hardness values given in the 
table. Also, there is no reason for believing that a properly 
weighted average hardness or the correlation itself should be 
linear. Nevertheless, the idea is rational and shows considerable 
promise of developing into a useful and reliable parameter for 
predicting cutting speeds. 


percentages 


For the method to be come practicable, it would be necessary 
to develop « rapid and reliable method for determining the per- 
centages of effective constituents. It is possible that a pattern 
of successive microhardness tests could be designed to produce 
an average which would correlate with cutting speeds without 
any knowledge of the percentages of constituents. Much work 
remains to be done, but the results of this preliminary study seem 
to indicate that such effort may be profitable 
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Curmne Seeep Versus CuemicaL Composition (COMBINED 
CARBON ) 

It will be recalled that Fig. 11 showed a correlation between 
cutting speed and per cent of free ferrite, although the ferrite 
was the result of varying percentages of silicon. It is doubtful 
whether the changes in cutting speed are the direct result of either 
the ferrite or the silicon; the same doubts exist in connection 
with the other chemical elements in the iron. It is believed that 
the changes in cutting speed are a direct result primarily of the 
changes in the carbides or combined carbon, and possibly to a 
lesser extent to changes in the matrix properties. However, the 
latter possibility is not very probable since there is very little 
plastic flow associated with the mechanism of cutting gray iron. 

Fig. 16 shows an attempted correlation between cutting speed 
and combined carbon as determined by chemical analysis. The 
solid straight line fits five of the eleven points very well. All of 
these points represent what might be called “plain-carbon” 
irons with the exception of No. 8, and in this case the silicon 
and nickel are in such proportion as to produce the graphitizing 
potential of about 2.1 per cent silicon; thus iron No. 8 might also 
be classified as a plain-carbon iron. The six remaining irons 
all contained significant amounts of various effective alloying 
elements such as chromium, manganese, molybdenum, and phos- 
phorus as well as nickel 


CUTTING SPEED FPM 


2 


COMBINED CARBON (%) 


Fic. 16 Cetrtine Speen Versus Comatnep Carson 
(All plain-carbon irons lie close to curve while all alloy irons fall below curve 


on speed scale.) 


It is reasonable that all of the so-called alloying elements could © 
exert an influence through either the carbides or the matrix 
material to cause the points representing these irons to fall below 
the solid line in Fig. 16. A determinant was set up from the 
chemical analysis shown in Table 1 to solve for the constants in 
the equation 

ECC = CC + K,Cr + K:Mo + K,Mn + K,P + A,Ni 
where 
ECC 
ce 
K,, Ky 
Cr, Mo 


equivalent combined carbon 

combined carbon (by analysis) 

appropriate constants 

percentages of elements shown by chemical analy- 
sis except for manganese, which was included 
only in excess of 55/32 of sulphur content 


Solution of the determinant gives the following equation 
ECC = CC + Cr/6 +3 Mo/4 + Mn*/4 + — Ni/10 


* In excess of 55/32 of the per cent of sulphur. 
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Equation [1] was applied to all eleven irons since all of them 
- contained manganese and phosphorus. The resulting equivalent 
- combined carbon values are plotted along with the corresponding 
cutting speeds in Fig. 17. 
The correlation is very good considering the relatively few 
irons involved, but neither the curve nor Equation [1] should 
be accepted as the final solution to the problem, since there are 
some rather important questions remaining to be answered. 


CUTTING SPEED FPM Vv, 


° 


EQUIVALENT COMBINED CARBON (%) 
Fic. 17 Currine Speep Versus Equivalent Carson 
(Application of « determinant solution to all points of Fig. 16 produces sharp 


correlation Equivalent combined carbon" may imply some change in 
matrix properties as well as in carbides.) 


It must be recognized that the upper half of the curve is 
determined by the same irons which were used to establish the 
correlation with free ferrite. Consequently, the determining 
factor in this region could be ferrite rather than combined carbon. 

_ If this were true there would be a discontinuity just below the 


a 0 points for irons Nos. 1, 3, and 8, and the lower region would be 


to curve either way. 


Thus the line might be expected 
On the other hand, if the upper region of 
the line in Fig. 17 is determined by combined carbon, then the 
curve might very well be a straight line as itisshown. Obviously, 
considerable work needs to be done before these questions can be 
answered, but the determination of the true nature of this correla- 
tion may prove a significant step forward in the solution of the 
complex, over-all problems of machining. 


determined by free carbides. 


Curtine Speep Versus Caemicat Compostrion (GRAPHITIZING 
TENDENCY) 


The chemical analysis in Table 1 was inserted in the nucleation- 


tendency formula to obtain a set of “NT” values for the irons. 


_ The formula used for this purpose was as follows 


= TC + Si/3 + + Ni/6 + Cu/12 — Cr/2— Mo/2 


Va — Mn''6 . [2] 


where 
NT = nucleation tendency 


TC = total carbon 


The nucleation-tendency values are shown plotted against 
cutting speeds in Fig. 18. The correlation is very good for all 
irons except Nos. 1, 8,and 13. However, both the correlation and 

_ the deviations may be coincidence since the actual graphitization 
and the associated combined carbon are subject to melting, pour- 
ing, and mold practice, as well as the graphitizing tendency. 

_ Consequently, the curve in this figure may mean only that these 

_ practices were quite uniform for all irons except Nos. 1, 8, and 
13. On the other hand, the fact that this correlation is sub- 

stantially better than most of the attempted correlations with 
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NUCLEATION TENDENCY 


CUTTING SPEED FPM \, 


Fic. 18 Currine Sreep Versus Nucteation Tenpency 
(Correlation probably is as good as it is because of fair uniformity in foundry 
practice since varying degrees of graphitization can be achieved for a given 

nucleation tendency.) 


other machining data and mechanical properties is further evi- 
dence of the validity of the theory that combined carbon is the 
principal determinant of cutting speed. 


CONCLUSIONS 


Since the purpose of this study was to compare possible parame- 
ters for predicting cutting speed for machining gray iron, it is 
appropriate to sum up by listing the several types of tests con- 
sidered in order of descending degree of correlation as follows: 


Combined carbon or equivalent. 

Microhardness, 

Nucleation tendency (adjusted for foundry practice. 
Milling power and energy (fair to poor) 

Brinel] hardness number (poor ). 

Drilling torque (poor). 

Drilling thrust (very poor). 

Tensile strength (very poor) 


The dissipation of useful too] life when machining cast iron is 
uniquely characterized by abrasion, and it can be expected that 
those tests or parameters which come closest to the determinants 
of abrasion will prove to be the most reliable for predicting cut- 
ting speed and the dependent tool life 


Discussion 

E. A. Cyrow.* This discussion is from the point of view of the 
end use of data on machining speeds for cast iron, steel, and other 
metals; the effective and economic use of machines, cutting tools, 
and manpower in the factory machine shop. Certainly the data 
available at the present time on machining speeds are no more 
than crude approximations helpful only as rough guides, and in- 
vestigations such as those described in the paper are probings with 
the greatest potential. Undoubtedly, most of the factors which are 
responsible for determining tool life as yet are unrecognized, and 
the factory management that is striving for most efficient utiliza- 
tion of its machine and cutting tools is left to its own halting 
experimentations. 

Experience indicates quite clearly that in the well-managed 
machine shop the machine operator must be provided with the 
correctly fashioned cutting tools and the pertinent setup data, such 
as feeds and speeds to be used 

Where the tool-engineering department exercises the control 
over the feeds and speeds used in the machine shop, the productiv- 


*E. A. Cyrol & Company, Chicago, Ill 
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ity is 25 to 5O per cent higher than in plants where the deter- 
mination of the cutting speeds and feeds is left to the foreman or 
the operator. Will someone estimate how much more this pro- 
ductivity could be increased if the most economical cutting speeds 
could be unerringly predicted from correlations between the 
known physical or chemical characteristics of the metals? 
Unfortunately, the study indicates that the most readily ob- 
tainable data, such as the Brinell hardness number and the ten- 
sile strength, are poor to very poor as possible parameters for pre- 
dicting cutting speed for machining gray iron. The best corre- 
lations were obtained from comparisons of combined carbon or 
equivalent, microhardness, and nucleation tendency versus cut- 
ting speed. Appraisal of these properties cannot be made readily 
at our present level of knowledge; and even if trustworthy tech- 
niques of measuring these properties are forthcoming, their use 
probably would be limited to large-scale investigations of general 
types of metals. This would preclude the possibility of predict- 
ing proper speeds for specific lots of material received by machine 
shops for machining. Future researchers along the path in- 
dicated by the present study might take this consideration into 


account. The ideal situation would permit easy analysis and pro- 


curement of the significant characteristic for predicting the proper 

cutting speeds for lots of materials to be machined in seperate 

This, together with universal use of variable 

speeds on machine-tool equipment, would yield economies pleasant 


runs in the plant. 


to contemplate 
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AvutTHors’ CLOSURE 


Mr. Cyrol has restated the reasons for vigorous prosecution of 
investigations of the type we have reported on here by pointing 
out substantial gains in productivity in shops where tool engineer- 
ing exercises control over machining specifications and predicts 
further substantial improvement when such control can have a 
more precise basis. However, he warns that any tests for basing 
predictions of machining performance must be simpler than those 
for the microhardness and equivalent combined carbon parame- 
ters proposed in this paper. 

We agree that simpler tests must be developed to meet the 
conditions of short time and low cost necessary for effective and 
general use; further, we predict that simpler tests will be de- 
veloped once the ultimate determinants of machining perform- 
ance have been positively identified. It is necessary to know 
what these determinants are and to know all about the mecha- 
nism of their operation. These necessary facts seem to have 
evaded investigators thus far and has resulted in the cut-and- 
try use of many more or less simple tests with widely varving 
degree of success 

Even if equivalent combined carbon or microhardness should 
prove to be generally reliable and no simpler test could be de- 
veloped, substantial gains in productivity would result from the 
ability of foundries to control these variables and thus reduce 
the need for receiving inspection in the machine shop 
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Some basic issues in the theory of metal cutting are 
analyzed in the earlier part of this paper. Several con- 
troversial subjects are clarified by the experimental results 
presented. The remainder of the paper describes a further 
attempt to ascertain the effect of cutting speed and feed 
on the mechanism of chip formation in high-speed ma- 
chining operations. A differential equation of the tem- 
perature field in the chip as well as that in the workpiece 
has been set up, and the nature of the solution studied. 

_ It has been found that the temperature distribution both 
_ in the work material and in the deformed chip in the im- 
mediate vicinity of the tool-chip interface depends upon a 
dimensionless number which is expressible as the ratio of 
_ the product of the cutting speed and feed to the thermal 
_ diffusivity of the metal cut. This ratio is called the ther- 
_ mal number, and its significance in metal cutting is 
illustrated and the limitations discussed. 


Survey or Present Tueortes iN Cuttine anp 


SuBJEcTS 
a pone the subject of metal cutting has been under 


study for over a century, it is only in recent decades 

that it gradually has been undergoing a transition from 

an art to a science. The basic mechanics of chip formation de- 

= independently by Merchant and Piispanen was a grand 

contribution in this respect. While it is best adaptable to type 2 

_ chips, both investigators have extended the application to discon- 
tinuous chips with only slight modifications. 

In his study of the plasticity conditions for a continuous chip 

- it without built-up edge, Merchant (1)* made use of an observed fact 


i > reported by Bridgman (2) that the flow stress by shear of some of 


the polycrystalline metals increases with the compressive stress. 


_ Mathematically, he suggested the following simple relationship 


. S, = So + kS,. 


where 


S, = mean flow stress along shear plane 
S, = flow stress of the material under zero compressive stress 
k = slope of flow stress versus compressive-stress curve, con- 
sidered as a constant for a given work material 
S, = mean compressive stress on shear plane 


Such influence of the normal stress on the flow stress amounts 


1 Assistant Professor, Department of Mechanical Engineering, Uni- 
versity of Illinois. 
Professor, of Mechanical Engineering, University of 
Illinois. Mem. / 

* Instructor, of Mechanical Engineering. University 
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* Numbers in parentheses refer to » Bibliography at end of paper. 
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Nore: Statements and opinions advanced in papers are to be 
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of the Society. Manuscript received at ASME Headquarters, August 
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cts of Met al Cutting 


to the same thing as the existence of an internal friction in the ma- 
terial. This view was held by Piispanen (3). 

Both Merchant and Piispanen have applied the principles of 
least work to derive the plasticity conditions. From chip geom- 
etry, it can be shown readily that 


= cos (rt — a)/[sin @ cos (@ + T — a) — k sin sin 
(@+7r—a)] {2) 

where 

F, = cutting force 

Ay = cross-sectional area of “chip” before removal from work 

piece = depth of cut X feed : 

7 = friction angle at interface = tan~'yu 

a = true rake angle of tool 

@ = shear angle 


When work done in cutting reaches its minimum, F, is also a 
minimum. Consequently, to apply the principle of minimum 
energy, both Merchant and Piispanen differentiate Equation [2] 
with respect to @ and equate it to zero. This yields the relation- 
ship 

{3} 
In the process of differentiation, they consider r to be independ- 
ent of @, i.e., 07/0@ = 0. It is not clear that this is justifiable. 

Nevertheless, despite the assumptions involved in Merchant's 
formulation of the plasticity Equation [3], it has been found to 
agree with experimental results to within +6 per cent for several 
kinds of steel and two nonferrous materials tested by the authors. 
Chao and Bisacre (4) have shown that the temperature rise during 
high-speed metal-cutting operations has no serious effect on 
Merchant's analysis. 

The question of strain-hardening has been one of the most con- 
troversial subjects in the theory of metal cutting. Shaw (5) con- 
tends that the true stress-strain relationship of the material in the 
shear zone is not unlike that determined in a quasi-static test. 
Consequently, a linear relationship can be assumed actually to 
exist between the shear-plane displacement and the flow stress. 
On the other hand, Drucker (6) suggests that at high rates of 
strain the dynamic flow stress is raised and the true stress-strain 
curve approaches an ideally plastic horizontal line. 
held by Chao and Bisacre (4). 

When a single crystal is subjected to stress, slip will start when 
the resolved shear stress has reached a certain constant value, 
irrespective of the normal stress on the slip plane. This is re- 
ferred to as the law of critical resolved shear stress (7). For pure 
metals, it is of the order of magnitude of 200 psi and was found 
unaltered by hydrostatic pressures up to 600 psi. Conditions 
governing the beginning of flow under stress in ductile polycrystal- 
line aggregates are more complicated. However, the fact that the 
yield stress for ordinary low-carbon steel does not differ to a per- 
ceptible extent in tension and in compression suggests the inde- 
pendence of flow stress on normal stress. 

Bridgman (2) reported the increase of flow stress with 
normal stress in the case of a dri!) rod (1.25 C steel) but he failed 
to observe any significant change in the flow stress of SAE 1045 
steel when the compressive load changed from zero to 5700 kg per 
sq cm or 81,000 psi. However, his experiments did show that 
under high compressive stress a ductile materia) can sustain a 
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shear strain without rupture many times greater than it can in 
the absence of such compressive stress. A strain of over 300 per 
cent was reported by Bridgman. It is interesting to note that 
the compressive stress and the resulting large shear strains re- 
corded by Bridgman are not unlike those obtained in metal-cut- 
tung operations. However, he reported no data obtained at high 
rates of strain. 

One of the purposes of this investigation is to clarify some of 
these important issues. 

lest Procedure. In order to investigate the validity of Equa- 
tion (1) and the resulting expression for the plasticity condition 
tormulated by Merchant, tests were conducted on spheroidized 
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SAE 52100 steel (187 Bhn) using wide ranges of speeds and feeds 
and side rake angles of 10 deg, 4 deg, and negative 2 deg. 

The test logs consisted of 5'/;-in-OD tubing having a wall 
thickness of */, in., and approximately 30 in. long. They were 
all taken from a single 12-ft stock length to insure minimum varia- 
tion in physical properties. | Microexamination of specimens 
prepared from samples cut from the extreme ends of the stock 
showed negligible variation in structure and hardness. The gen- 
eral method of measuring tool forces, chip thicknesses, and tool- 
chip contact areas was the same as that reported in an earlier 
paper (8). One improvement in procedure was employed in the 
measurement of contact areas. The tool photograph was pro- 
jected on a screen, and the enlarged outline was sketched for area 
determinations. 

All tools used were of identical “‘triple-carbide”’ 
of ASA Specification O-Var-7-7-8-0-3 /64. 
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90 deg in all tests. Conventional turning was used throughout 
the experiment and all tests were done dry. During the tests 
the separating surface of the chips was inspected for each run, 
and only those cutting conditions which produced type-2 chips 
were recorded, 

Test Results. Results for both components of tool foree and 
for chip-thickness ratio at various cutting speeds, feeds, and tool 
rake angles are summarized in Figs. 1(a, 6), 2(a, 6), 3, and 4. 

Inasmuch as the various values for the 4-deg side-rake angle fell 
between those of the negative 2- and positive 10-deg tools, only 
the latter two are reported in this paper. The general trend of 
the curves is the same as that obtained in cutting mill-annealed 
NE9445 steel. It might be noted that when the feed was 
0.0025 ipr, no readings were recorded for speeds below 280 sfpm 
since, under this condition, the chips produced showed evidence 
of excessive built-up edge during cutting. 

The effect of feed on tool forces is shown in Figs. 5(a, 6) and 
6(a, b). Within the range of the present investigation, the cut- 
ting force at a given speed varies nearly linearly with feed. This 
linearity deteriorates very rapidly for feeds finer than the smallest 
employed, since all the curves should meet at the origin. How- 
ever, at these finer feeds a type-2 chip might not be obtained even 
at higher speeds than in the range investigated. 

Unlike the cutting force, the relationship between the thrust 
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At a given cutting 
speed, it increases with feed, but the rate of increase diminishes 
as feed increases. 

These trends also were found to be true when the mill-annealed 
NE9445 steel was cut with the same triple-carbide tool. 

Values of shear angle @, friction angle 7, and the so-called ma- 
chining constant C were calculated for all combinations of speeds, 
feeds, and tool-rake angles. The pertinent data were obtained 
from the experimental curves for tool forces and chip-thickness 
ratio. Table 1 lists the values of C caleulated from Equation 
{3}. 

It is seen that there is a systematic, though small, variation of 
C with cutting speed. The effect of changing feed is rather 
erratic, and somewhat smaller. An increase of tool-rake angle 
from negative 2 deg to positive 10 deg decreases the “machining 


force and the feed is more or less parabolic. 
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TABLE | SUMMARY OF CALCULATED VALUES OF MACHINING 
CONSTANT, C DEG, FOR SPHEROIDIZED SAE 52100 STEEL 
(Cutting speed, 


Feed, ipr - 
sfpm 0 0074 0 0098 0 0127 


2 Dea 


9.0025 
(A) 


0 0049 
For Rake, a 


ow 


constant” by about 2'/, deg. The reasons for these changes are 
unknown to the authors at present, 

The over-all average for all combinations of speeds, feeds, and 
two different rake angles is 67.4 deg. More than 95 per cent of 
the individual values calculated fell within +5 deg of this aver- 
age. Previous cutting data obtained by the authors on NE9445 
steel and annealed 0.27C steel reveal similar results. It is con- 
cluded, therefore, that as a first degree of approximation the ex- 
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perimental results do agree with Merchant's plasticity equation 
for type 2 chips. 

According to Piispanen and Merchant's theory, this work ma- 
terial should exhibit a pronounced “Bridgman effect.” Since C 
has an average value of 67.4 deg, the slope of the shear stress- 
compressive stress curve (which is the same as cot C) should be 
0.416. In order to check this, the shear stress and the correspond- 
ing compressive stress at the shear plan were calculated for all the 
conditions tested. Fig. 7 shows a plot of the stress values thus 
obtained with the exception of those for the smallest feed. These 
were omitted since they introduce a “size effect’’ which is an- 
other complicating variable. The smallest feed is not included 
in Fig. 8 for the same reason. The significance of this size effect 
has recently been discussed by Backer, Marshall, and Shaw (9) 
and its influence on shear stress is also shown in Fig. 9 at the 
smallest feed. It is apparent that the normal stress at the shear 
plane has a negligible effect on the dynamic flow stress of the ma- 
terial. The dash-dot line in the figure illustrates the hypothetical 
relationship as postulated by Equation [1]. 

Bridgman’s experiments were recently repeated by Bisacre 
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(10) on a@-brass. The change in shear stress as the compressive 
_ Stress increased from zero to 33,000 psi was found to be practically 
nil. However, calculated results from cutting tests on the same 
material show a mean value of C to be about 65 deg. The evi- 
dence is, therefore, that there is little justification to regard this 


- constant to be the same as cot! k, where k is the slope of the shear 


stress versus compressive stress curve. 


Shaw (5) has recently introduced a theory of strain-hardening 
- which takes into consideration the effect of the inhomogeneity of 
i the material being cut) Such a theory is indeed plausible if the 
- true stress-strain relationship of the material at the shear zone 
were of a shape similay to that determined in quasi-static tests. 
As mentioned earlier, there are at present conflicting opinions in 
regard to this point. A wide range of shear strains and the cor- 
_ responding stresses can be calculated readily from the data availa- 
ble in this investigation. This is illustrated in Fig. 8. It is 
interesting to note that within the range of shear strains encoun- 
tered in most high-speed metal-cutting operations on steel, the 
_ stress-strain curve can be approximated by a horizontal line—a 
conclusion reached by one of the authors (4) several years ago. 
Careful examination of the data plotted in Fig. 8 reveals that 
there is a slight tendency for the shear stress to drop at larger 
strains. The course of the stress-strain relationship is uncertain 
_ for values of strain smaller than those available for the plot. In 
so far as the mechanism of chip formation is concerned, the shear 
stress at the shear zone is substantially constant, and is inde- 
pendent of the different temperatures caused by changes in speed, 
feed, and tool rakes provided no size effect is introduced. 
The heating effect due to shear occurs only after shear has taken 
_ place. The dynamic shear characteristics of the metal during 
_ high-speed machining operations appear to be unaffected by the 
temperature rise due to deformation, since the latter does not 
occur until after the shear energy has been imparted to cause 
shearing deformation. This is reflected in the constancy of the 
_ shear stress in spite of the large rise in temperature (600 to 1100 
F) caused by deformation at the shear zone under different cut- 
ting conditions. 
It is recognized that preceding deformation, the uncut chip 
— (Le., work material) is heated owing to the existence of a tem- 
perature gradient at the junction of the deformed-nondeformed 
material. Since the temperature gradient is very steep and the 
time for heating the nondeformed material is very short prior to 
_ its entry into the shear zone, it is believed that such heating has 
no effect on the dynamic shear properties. 
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This flat characteristic of the stress-strain relationship does not 
imply that the material is not hardened by severe deformation, 
The hardness of the chip has been found to be several times that 
of the undeformed material. 

According to the dislocation theory for the plastic deformation 
of crystalline solids, time is required for the metal to exhibit an 
increase in hardness and strength after deformation has taken 
place. The time necessary depends upon the magnitude of de- 
formation, the temperature of the material, and jhe length of the 
path to be traversed by the dislocation. At the high tempera- 
tures caused by shearing deformation, diffusion of the dislocation 
is very rapid involving time of the order of 10~* sec or less. Static 
hardness measurement of the chip, necessarily conducted long 
after chip formation, may give little clue as to the physical prop- 
erties of the metal during shear at the shear zone. Such hardness 
tests, however, give a good idea of the result of this deformation. 
Merchant, in a discussion of a paper (11) by one of the authors, 
points out that the increase in chip hardness due to shearing 
strain bears a linear relationship to the amount of strain pro- 
vided no annealing takes place in the chip. 

The inconsequential effect of temperature rise at the shear zone 
upon the shear stress during cutting is not to be confused with 
the effects encountered in hot-machining metals. In the latter 
case the uncut stock is heated externally prior tq its entry into 
the shear zone. As a consequence, the shear resistance has been 
lowered prior to any deformation, and a reduction in cutting 
forces results from this weakened condition. It is, therefore, 
necessary to distinguish the heating effect due to any external 
source from that caused by chip deformation per se. 


Errect or Currinc Sreep aNp Freep ON Temperature Dis- 
TRIBUTION—Its RoLe tN Mecuanism or Crip Formation 


There are two distinct regions of heat generation during ma- 
chining operations which produce a type 2 chip. They are the 
shear zone and the tool-chip interface. In the former, shearing 
of the metal results in a temperature rise of several hundred de- 
grees in the bulk of the chip. The resulting temperature will be 
referred to as the chip bulk temperature. Such a temperature 
rise has little influence on the shearing stress of the work mate- 
rial during the shearing deformation. The capacity of the work 
material to withstand dynamic shearing stress during high-speed 
machining operations is that which it has at the time of entry into 
the shear zone. 

However, as it leaves the shear zone the metal has been de- 
formed severely and heated to a high temperature. Under such 
conditions the dislocation theory postulates very rapid strain- 
hardening and other temperature-dependent effects on the prop- 
erties. It is estimated, from the data in Table 3, that the time 
required for the chip to traverse the tool-contact is of the order 
of 10~* to 10~* sec. Consequently, at the chip bulk tempera- 
tures involved, this traverse time is long as compared with that 
required for diffusion of the dislocations. It is believed, there- 
fore, that a strain-hardened chip will exhibit its influence at the 
tool-chip interface. 

An extremely steep temperature gradient exists in the chip at 
this interface owing to the high relative velocity of the tool and 
the chip. This steep temperature gradient is thought to have an 
effect on the variability of interface friction with temperature. 

Differential Equation of Heat Flow in Metal Cutting. The 
problem of determining the temperature distribution in the work 
material and in the chip is one of heat conduction in a moving 
medium. For orthogonal cutting, it is simplified to a two-dimen- 
sional problem. The reference axes are chosen as indicated in 
Figs. 10 (a and 5). 

Consider the flow of heat through an elementary volume with 
edges dz, dy, and a unit length in the direction perpendicular 
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to the VY-plane. 
time by conduction is 


The heat entering along the z-axis in « unit 
~K dy 
Or 
where A is the thermal conductivity and @ the temperature at the 
mid-point of faee AD. In Fig. 10(a), K should be denoted as 
A... the thermal conductivity of the work material while in Fig. 
ih), it should be denoted as K,, the thermal conductivity of the 
detormed chip at higher temperatures. 
‘The amount of heat leaving per unit time along the same axis, 


_ o6 _ 
dy K + K dx 
or Or or 
‘The ditference between the heat entering and leaving is the net 


rate of heat storage in the elementary volume due to conduction 
along the r-axis. 


is 


or 


srmularly, for the y-direction, this difference ix 


K ) 
077) ( Oy 


Owing to the motion of the medium (the uneut work material or 
the deformed chip material) parallel to the z-axis along which 
there exists a temperature gradient, there is also a change of 
heat storage in the elementary volume. This is virtually a body 
convection and may be evaluated as follows: 

The heat carried into this volume per unit time through face — 


AD due to body convection is 

dy 
where C, p, and V are the specific heat, density, and the speed of 
motion, respectively. In the work materia! they should be 
referred to as p,, and (cutting speed), while in the chip 
they should be referred to as C,, p,, and V,, the chip-flow velocity. 
The heat carried away is 
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since p and V are constants. 
temperature is neglected. ) 
The difference, therefore, is the net rate of heat storage in the 
elementary volume due to motion parallel to the z-axis. Neglect- 
small quantities see pr, i 
ing small quantities of the second order, it becomes meee. 


(The slight variation in p with 


gaat 
—pV (C@) dx dy te 
Or 
In most metal-cutting operations, the process of heat flow can 
be looked upon as being quasi-stationary in nature. In other 
words, an observer stationed at the source fails to notice any 
change in temperature with time in the medium around him. 
Under such conditions, and neglecting all heat losses, the general 
differential equation of heat flow in metal cutting is as follows 

_o 


06 
(x ) ,2 (x pV (C0) =0..... [4] 
or or ov oY or 


This equation is valid for the temperature distribution in the work 
material as well as that in the chip, provided suitable subscripts 
are attached to the properties of matter in their respective case. 

Equation [4] can be simplified by ignoring the variation of the 
specific heat and thermal conductivity of the material from point 
to point in the uncut stock and in the chip. In the latter case the 
values corresponding to the chip bulk temperature are used. To 
what extent this simplification may affect the accuracy of the 
analysis cannot be foreseen at present. 

Following this simplification, the equation becomes: hal shen 

For the workpiece 


or? 
For the deformed chip 


off 

= 
= 


6 q 
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are the thermal diffusivities of the work and chip material, respec- 
tively. 

Dimensional Analysis of Heat Flow in Metal Cutting. Exact 
solutions for the foregoing set of equations with the boundary 
conditions shown in Figs. 10(a) and 10(b) are difficult if not im- 
possible. Numerous approximate solutions have been found 
(4), but it is possible to generalize the results by dimensional 
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= or the chip bulk temperature in Equation [45]. 


- analysis, This theory teaches that all physical processes depend 
upon certain dimensionless values. It is possible to obtain these 

_ values from the differential equations without actually solving 

7 them.’ For this purpose it is necessary to write these equations 

in the dimensionless form. If the subscripts are dropped from 
Equations [4a] and [45], they become 


@ is made dimensionless, by dividing it by %, a known constant 
temperature. It will be the room temperature in Equation [4a] 
In the same 
way, a length can be selected to make z and y dimensionless. In 
other words, let 


where L has the dimension of a length. 
into Equation [4c] and obtain 

or’? Oy”? k Qa’ 


y=t 


Substitute these values 


A reasonable choice of L will be the feed ¢ in Fig. 10(a), and the 

chip thickness ¢, in Fig. 10(b). In the latter case, the average 

length of contact between the tool and the chip is another pos- 
sibility. 

The quantity VL/k is dimensionless, and is here referred to 
as the thermal number R,. It is apparent that tue solution for 
Equation [4d] can be written as 

= f(R, 2’, y’). (5) 
For given values of x’ and y’, 6’ is a function of R, only. In 
particular, it should be replaced by (R,),, which is V.t/k,, for the 
temperature distribution in the work material and by (R,)., which 
is V t./k,, for the chip. 

Changes in (R,), will alter the relative division of heat gener- 
ated by the main chip shear between the chip and the work ma- 
terial. Changes in (R,), not only will affect the division of inter- 
face heat between the tool and the chip but also the temperature 
gradient at the interface. It is seen that for a given combination 
of tool and work material and for fixed tool angles, both (R,), 
and (R,), are important factors governing temperature conditions 
in metal-cutting operations. Tool-chip contact area plays an 
important role in affecting the interface temperature (12). Un- 
fortunately, owing to the lack of knowledge of the nature of the 
- contact, any quantitative relationship is difficult at the present 

time. 

In orthogonal cutting, V; = V.7,, and t, = t/r, where r, is the 
chip-thickness ratio. Consequently 


(R,). = (Rode 

k, 

Since the thermal diffusivity of a material depends primarily 

upon the temperature which, in turn, is a function of (2,), and 
(R,),, it follows that 


k 

= (Ride (Riel 

k, 

This indicates that, in so far as the temperature-dependent prop- 
erties which affect the mechanism of chip formation are con- 
cerned, there is no necessity to differentiate between (R,), and 


* This method is widely used in the rational analysis of the mecha- 
nism of boundary-layer convection heat transfer. 
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(Rp, Accordingly, Vi/k, shall be designated by 2, without 
subscripts, 

This thermal! number also can be derived from pure dimen- 
sional reasoning. It represents the ratio of two times —the 
transit time and the relaxation time of the material (13). In 
metal-cutting problems, it governs essentially the following: 


(a) The ratio of the heat conducted from the shear zone into 
the workpiece to the heat convected by the moving chip. The 
larger the number, the smaller this ratio. 

(6) The ratio of the heat conducted from the interface into 
the tool to the heat convected by the moving chip. With a larger 
thermal number, this heat ratio becomes smaller. 


Like any other applications of the dimensional analysis, the 
theory needs experimental verification. This is particularly true 
for the present case in which numerous assumptions and approxi- 
mations have been made. 

Experimental Results. (a) Dependence of shear zone tenipcra- 
ture rise on thermal number: From the cutting data presented in 
the first part of the paper it is possible to estimate the temperra- 
ture rise at the shear zone due to main chip shear, Details have 
been given previously (8). Among other factors the met!:«/ 
takes into consideration the variation of the specific heat with 
temperature. This latter relationship may be obtained from the 
ASM ‘Metals Handbook” (1948) for a steel having a composition 
similar to that used in this investigation, 

The thermal diffusivity of SAE 52100 steel at room tempera- 


ture has been found to be 1.03 in.? per min Fig. 11 illustrates 
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the results obtained by plotting the ratio of the average tempers- 
ture rise at the shear zone to the initial temperature (6, — @)) 
against the thermal number. This temperature ratio may be 
called the relative temperature. The scatter of the points in the 
plot is not great considering the wide range of cutting speeds and 
feeds employed in the investigation. Within the realm of con- 
tinuous chips without built-up edge, it is seen that a decrease in 
feed and/or speed results in an increase in the chip bulk tem- 
perature. At high speeds and heavy feeds, however, this change 
is relatively small. 

(b) Dependence of chip-thickness ratio and shear strain on ther- 
mal number: Chip-thickness ratio and unit shear strain are 
two important geometrical quantities (dimensionless) involved 
in metal-cutting operations. Figs. 12(a), 12(6), and 13 illus- 
trate that they are, in general, unique functions of the thermal 
number and the tool-rake angle for a given combination of tool 
and work material. The trend of the strain-thermal number 
curves bears a striking resemblance to that of the relationship 
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(c) Coefficient of friction at tool-chip interface: Previous reports 
(4) on a 0.27 C steel disclosed the existence of a functional rela- 
tionship between the coefficient of friction at the interface and 

“4 the thermal number for a given rake angle of the tool. How- 
- ever, the results of the present investigation show considerable 

scattering in such relationships as illustrated in Fig. 14. Feed 
has a definite, though relatively slight effect 
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, i : i The nature of the frictional behavior at the interface can be 
ean! 6 ele same studied best by breaking it down into its components, namely, 
, the apparent sliding stress and the apparent contact stress. This 
was first suggested by Hahn in his discussion of a recent paper 
, | by two of the authors (12). Both of these stresses depend not 

20 “ so only on the tool-chip contact area* but also on the temperature 
Thermal Number, Ry involved. To study this rather complex mechanism, cutting 
temperatures and tool-chip contact areas were determined at 
various speeds, feeds, and two different side-rake angles. The re- 
sults are illustrated in Figs. 15(a), 15(b), and 16. The relation- 
ship of the cutting temperatures to cutting speeds is a system of 
approximately parallel lines on logarithmic co-ordinates. 

At a chosen speed the cutting temperature increases with an 
increase in feed. It is noted, however, that this effect becomes 
smaller as the feeds are further increased. The relationship of 
cutting temperature to feed at constant speed is substantially a 
logarithmic one in the usual range of feeds (14). When com- 


a ie, pared at the same speed and feed, the difference in the interface 


oon ee ee temperature observed for the negative 2-deg and positive 10-deg 
+ : + side-rake tools is very slight—an antithesis of the commonly ex- 
pected trend. This is thought to be due to the following two 


reasons: 
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(a) While the tool forces are lower for the positive 10-deg tool, 
the product of the frictional force at the interface and the chip 
flow velocity, FV,, is practically identical for the two tools. This 
is shown by the calculated results in Table 2. The quantity FV, 
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TABL 23 RATE_OF FRICTIONAL WORK LIBERA TED AT 
NTERFACE AS AFFBCTED BY TOOL RAKE 
between the relative temperature and the thermal number. The - PVs, ft-lb/min— 
» material is practically constant 2deg a= +10deg 
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“arly all cutt 1 sported in this paper. Since the t 13250 
nearly all cut ing conditions re porter paper. ‘ : 
work of shearing deformation, S,¢, is solely responsible for the "¢ = 280 sfpm ¢ 0025 , 7490 
heating at the shear zone it is evident that the similarity should : a 138 13530 
exist = 480 sfpm ¢ 0049 215% 21640 
However, critical examination of Figs. 12 and 13 reveals that t 0074 : P 27700 
t 0127 38: 39940 


dynamic flow stress S 
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at the smallest feed employed deviations worthy of considera- 


tion are apparent. — A poss'ble explanation for the deviation may * All the tool-chip contact-area values reported here are apparent _ 
be the size effect as noted in Fig. 9. contact areas. 
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represents the rate of heat generation at the interface and has a 
direct bearing on the interface temperature. 

(b) The negative 2-deg-rake tool results in a slightly larger 
tool-chip contact area at a given speed and feed. The chip bulk 
temperature is higher due to the higher shearing strain involved, 
but the rise in temperature due to interface rubbing is less since 
the heat is distributed over a greater area. Evidently the in- 
crease in chip bulk temperature for the negative 2-deg side-rake 
angle is offset by the fact that the interface heat is distributed 
over a larger contact area. While not included in this paper, the 
cutting temperature - cutting speed relationship for the positive 
4-deg side-rake angle is approximated by either Fig. 15(a) or 
15(b). Within the range of tool angles investigated, it appears as 
if the side-rake angle has little effect on the average tool-chip- 
interface temperature. Some years ago one of the authors (15) 
reported a slight (3 per cent) increase in interface temperature for 
a negative 2° 20’ back-rake angle. Inasmuch as the latter 
change has a more pronounced effect in “jamming’’ at the nose 
radius and consequent change in chip formation, the two are not 
thought to be in conflict. 

As pointed out in a previous paper (12), the steep temperature 
gradient existing at the interface is perhaps responsible for the 
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variation of the coefficient of friction with speed and feed.  At- 
tempts to correlate the effect of temperature on friction behavior 
studied under isothermal conditions with that at the tool-chip 
interface are liable to be misleading. The coefficient of static 
friction between clean metallic surfaces has been shown by sev- 
eral investigators to be expressible as the ratio S/H, S being the 
flow stress of the material at contact, and H the mean pressure 
hardness of the softer of two contacting solids (which is the com- 
pressive force per unit area of the actual contact). While theories 
for the coefficient of kinetic friction are still lacking, it is not un- 
reasonable to assume from the nature of frictional behavior be- 
tween solids that it can be expressed by the same ratio, provided 
S refers to the flow stress at the interface temperature, and H 
refers to the compressive stress at the bulk temperature of the 
softer metal, i.e., chip bulk temperature. Since both S and H 
refer to the same contact area, it is immaterial whether the true 
or the apparent contact areas are used in so far as the coefficient 
of friction is concerned. In the foregoing discussion no account 
has been taken of the effect of state of stress (due, for instance, to 
the change in tool rake or feed). That the change in interface 
friction can be explained on the basis of the preceding postulate 
under various cutting conditions may be seen from Table 3. 

It is seen that in all cases an increase in the chip bulk tem- 
perature (due to a reduction in the cutting speed and/or feed) 
results in a decrease in the apparent contact stress. This is due 
to the softening which takes place as a consequence of the heating 
to a higher temperature. However, when compared at equal 
chip bulk temperatures the contact stresses are not the same if the 
tool-rake angle is altered. It is thought that the higher strain 
associated with the negative side-rake angle is responsible for 
the higher apparent contact stress. Evidently temperature is 
not the sole factor which influences the contact stress, 

The apparent frictional sliding stress decreases as the interface 
temperature is increased. However, an effect due to feed and 
tool-rake angle is also present. 

Examination of the nature of contact under a magnification of 
30X to 50X reveals that the stress distribution is not at all uni- 
form. The intensity of the contact stress varies rather abruptly 
from zero at the point of departure of the chip from the tool fave 
to a maximum covering only a portion of the total area, It starts 
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TABLE 3 EFFECT OF CHIP BULK TEMPERATURE AND INTERFACE TEMPERATURE ON 
TOOL-CHIP FRICTION 


Room temperature = 
Work material 
Tool material: Triple-carbide 
Depth of eut: 0. 102 in. 
Apparent tool- 
Cutting of chip contact 
speed, Ve, friction, 


area, 


Chip bul 
tempers 
ture 


initial workpiece temperature) = 74 F 
SAE 52100 spherortized, 187 Bhn 


Apparent 
contact 


Apparent 
frietional 
sliding stress, 

pe OS) 


Interface 


For Toot Rake a = —2 Deo 


0 
0 
0 
0 0074 ip 


one 


0 0098 
0.73 
0.6 
0 

0 0127 
06 


0.6 
0.5 
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to decrease at an appreciable distance Jrom the cutting edge of 
the tool. This nonuniformity of stress distribution may indicate 
the necessity of future refinement in stress calculations. It ha 
certainly a direct bearing on tool-life problems, 


CONCLUSIONS 


The following conclusions are based upon conditions withiv 
the scope of this investigation; however, the authors believe 
that they are generally applicable. 


1 Merchant's plasticity equation 26 + — = C agrees 
with experimental results to a first degree of approximation 
There is a systematic, though small, variation in C with cutting 
speed. 

2 Nocorrelation exists between the machining constant C and 
the slope of the shear stress versus normal stress curve for SAF 
52100 steel. In general, the influence of the normal stress on the 
flow stress at the shear plane is of secondary significance. 

3 In commercial high-speed metal-cutting operations, th: 
true stress-strain relationship can be regarded as a horizontal line. 
The large strain involved in chip fermation is possible because of 
the high compressive stress on the shear plane. 

4 Properties of the metal at the shear zone are essentially the 
same as those of the uncut stock. The temperature rise at the 
shear zone due to chip shear has negligible effect on the dynamic 
flow stress of the metal. With a given tool-work combination, 
this flow stress can be taken as a constant, except as modified by 
the size effect at very small feeds, 

5 For a given tool rake, the chip-thickness ratio, the shear 
strain, and the relative temperature rise due to main chip shear 
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are unique functions of the thermal number V,t/4, an important 
dimensionless quantity governing the temperature distribution as 
well as the division of heat among the workpiece, tool, and chip. 

6 The variation in interface friction due to changes in cutting 
‘onditions can be explained in terms of temperature changes. 
Although it is recognized that there are other contributing fac- 
tors, the frictional sliding stress calculated on the basis of ap- 
parent contact area is governed mainly by the interface tem- 
perature, while the apparent contact stress depends on the chip 
oulk temperature and the degree of shearing strain. 

7 At a given speed and feed, the rate of frictional work ex- 
pended in metal cutting is practically unaffected by changing the 
side rake from negative 2 deg to positive 10 deg. The cutting 
temperature is also practically unaffected by the same change 
in tool rake. 

8 The cutting speed - cutting temperature relationship at vari- 
ous feeds forms a family of approximately parallel straight lines 
on logarithmic co-ordinates. At a given speed, the cutting tem- 
veratures increase with an increase in feed. This effect becomes 
smaller as the feed is further increased. 


ACKNOWLEDGMENT 


fhe authors herewith express their appreciation to The Timken 
Roiler Bearing Company, Canton, Ohio, for the SAE 52100 steel 
tubing used in this investigation. Grateful acknowledgment is 
made to Drs. F. Seitz and J. 8. Koehler, Department of Physics 
at the University of Illinois, for the valuable discussions perti- 
nent to this paper. Acknowledgment is also made to Miss Trene 
Cunningham for the typing of this manuscript. 


iUST, 195 
1048 AUGUST, 1952 
1150 41700 
40 760 59600 1343 40800 - 
= 
240 4.94 838 87000 1155 41600 om 
eet ipr > 
160 061 687 86% 7900 1075 41200 
5 * 480 0.47 72) 785 1387 36500 
Feed ¢ = 0.0127 ipr 
320 0.47 74 282 37100 = 
480 042 5.15 1410 36100 
200 085 4.04 873 1072 42200 
280 3.61 800 51600 1158 42800 
400 0.77 | 735 54600 1255 42300 
‘as 540 0.72 68S 57300 1346 41100 
d Feed ¢ = 0 0074 ipr 
240 07% 777 56200 1153 41400 
320 714 57900 1230 39800 bt 
Feed t = 
160 785 7900 1095 42100 a: 
240 73) 38900 1200 39400 
320 69) 60800 1280 37300 
180 654 65900 1406 35900 
160 73. 60200 1098 40800 vis 
240 687 62800 1202 38300 
i 480 67" 73700 1411 36500 
= 
. 
| 


BIBLIOGRAPHY 


1 “Mechanics of the Metal Cutting Process, I, Plasticity Condi- 
tions in Orthogonal Cutting,"’ by M. Eugene Merchant, Journal of 
Applied Physics. vol. 16, 1945, pp. 318-324. 

2 “On Torsion Combined With Compression,”’ by P. W. Bridg- 
man, Journal of Applied Physics, vol. 14, 1943, pp. 273-283. 

3 “Theory of Formation of Metal Chips.” by V. Piispanen, 
Journal of Applied Physics, vol. 19, 1948, pp. 876-881 

4 “The Effect of Speed and Feed on the Mechanics of Metal 
Cutting,” by B. T. Chao and G. H. Bisacre, advance copy, The In- 
stitution of Mechanical Engineers, London, England. 1951 

5 “A Quantized Theory of Strain Hardening as Applied to the 
Cutting of Metals,’ by M. C. Shaw, Journal of Applied Physics, vol 
21, 1950, pp. 599-606 

6 “An Analysis of the Mechanics of Metal Cutting,” by D.C. 
Drucker, Journal of Applied Physics, vol. 20, 1949, pp. 1013-1021 

7 “Structure of Metals.” by C. 8. Barrett, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1943, pp. 294-298 

& “An Analytical Evaluation of Metal-Cutting Temperatures," 
by K. J. Trigger and B. T. Chao, Trans. ASME, vol. 73, 1951, pp 
57-68 

9 “The Size Effect in Metal Cutting,” by W. R. Backer, E R 
Marshall, and M.C. Shaw, Trans. ASME, vol. 74, 1952, pp. 61-72. 

10 “Report MF /MS 37 (1950) to the Mechanical Engineering 
Research Board of the Department of Scientific and Industrial Ke- 
search,” by G isacre, Manchester, England 

11 “Discussion of ‘Progress Report No. 2 on Tool-Chip Interface 
Temperatures,’ by K. J. Trigger, Trans. ASME, vol. 71, 1949, pp 
171-172, by M. E. Merchant 

12 “Cutting Temperatures and Metal-Cutting Phenomena,” by 
B. T. Chao and K. J. Trigger, Trans. ASME, vol. 73, 1951, pp. 777 
793. 

13. “The Life of Carbide-Tipped Turning Tools,”” by F. F. P 
Bisacre and G. H. Bisacre, Proceedings of The Institution of Me- 
chanical Engineers, London, England, vol. 157, 1947, pp. 452-469 

14 “Discussion of ‘Distribution of Heat Generated in Drilling‘ ” 
by A. O. Schmidt and J. R. Roubik, Trans. ASME, vol. 71, 1949 pp. 
249-250, by K. J. Trigger. 

15 “Progress Report No. 1 on Tool-Chip Interface Tempera- 
tures,” by K. J. Trigger, Trans. ASME, vol. 70, 1948, pp. 91-98. 


Discussion 


J. Kaapacner’ M. Mercuanr.s In the paper the 
authors expound some basic facts about tool-chip friction which 
heretofore have been unexplained. Table 3 of the paper presents 
data which show basic reasons for variation in the coefficient of 
friction w for given changes in cutting conditions. It has been 
known that an increase in cutting speed results in a slight de- 
crease in gw, and that an increase in feed results in a substantial 
decrease in the coefficient of friction. The data presented by the 
authors in Table 3 show that these changes in uw due to changes in 
cutting conditions are related, at least to a great extent, to tem- 
perature changes in the cutting process. Also it has been known 
that an increase in rake angle results in an increase in uw. From 
Table 3 it may be seen that an increase in rake angle gives lower 
values of chip bulk temperature and higher values of interface 
temperature, resulting in an increase in the ratio S/H or co- 
efficient of friction u. Here, however, the large increase in uw is due 
mainly to a substantial decrease in the apparent contact stress H. 
This leads one to believe that in this case the increase in the co- 
efficient of friction may be due largely to a lesser degree of shear- 
ing strain (and thus to less strain hardening) which would be 
expected at the high rake angle under similar cutting con- 
ditions. 

What the authors have done is to establish a much needed re- 
lationship bet ween chip friction and cutting temperatures, There 
is at present great need for additional similar work relating 
cutting temperatures, tool-chip contact area, and coefficient of 
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friction so that we may better understand this phase of the metal- 
cutting process. The authors are to be heartily commended for 
their fine work along these lines. 

Early in the paper it is stated that Equation (3) is arrived at by 
differentiating Equation [2} with respect to @ and setting it equal 
to zero. In so doing tT was considered to be independent of @. 
The authors question whether this is justifiable. Since they show 
later in the paper that r is influenced by the chip-bulk temperature 
and the interface temperature, and since both of these are func- 
tions of @, it is obvious that an approximation is being made 
when 7 is considered independent of @ in the differentiation. The 
situation is quite analogous to that involved in the interdepend- 
ence of S, and @, where a better approximation to experiment is 
obtained when S, is expressed as an empirical function of @, as by 
the use of Equation [1] of the paper, than when it is considered to 
be independent of @ Thus it may be expected that a still better 
approximation of theory to experiment will be obtained if r can 
be expressed in terms of a realistic empirical function of @ and 
introduced into Equation [2] before differentiation. It is hoped 
that the authors will develop such a realistic function in the 
course of their research and improve the theory accordingly. 

The authors conclude as a result of their investigation that no 
correlation exists between the machining constant C and the 
slope of the shear stress versus normal stress curve in the case of 
SAE 52100 steel. This conclusion they support with Fig. 7 of the 
paper. The authors also point out that Bridgman’s experiments, 
repeated by Bisacre on brass, also indicate no correlation be- 
tween C and the slope of the shear stress versus normal stress 
curve. As a result of these findings the authors believe that 
there is little justification to regard this constant ( to be the same 
as are cot k, where & is the slope of the shear-stress versus com- 
pressive-stress curve. It is with this belief that we must take 
issue. 

The data plotted in Fig. 7 cover a wide range of shearing strain 
as shown in Fig. 8, values ranging from approximately 2.3 to 4.5. 
It is possible that, owing to the wide range of strain, the plotted 
data actually correspond to a series of parallel lines, each asso- 
ciated with a given value of strain, of some slope more in line with 
the computed value of C. Metal-cutting data obtained in the 
writers’ laboratory for SAE 52100 steel over a narrower range of 
strain show a definite increase in shear stress with compressive 
stress. Data were obtained for three different treatments of this 
steel. The data obtained from the cutting tests made on annealed 
material are given in Fig. 17 of this discussion. It can be seen that 
the agreement obtained between the average computed value of 
2@ + r — a@ and the value as measured from the curve relating 
shear stress and compressive stress agrees well within the limits of 
a first approximation, It may also be seen that this value of 
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2 + + — a for the annealed SAE 52100 steel agrees closely with 
the value obtained by the authors for their spheroidized SAE 
52100 steel. Data obtained for 
SAE 52100 steel give a value of 2@ 4+ a of 72 deg and a value 
of the complement of the slope angle of the curve relating shear 
stress and compressive stress of 66 deg. while “ 
cold drawn) SAE 52100 steel gave and 76 deg, re- 
spectively. Therefore relatively 
agreement compared to that obtained by the authors 
Tests paralleling those of Bridgman have been conducted in 
the writers’ laboratory.*” included brass. 
These tests, as did Bisacre’s, indicated no change in shear stress 
for values of compressive stress up to 33,000 psi. However, this 
was true only for values of strain below 0.75. As the values of 
strain increased to values of | or greater, approaching those of 


renee and then cold-drawn 


rocked” 
values of 81 
also 


(severely 


these data show 


good 


These tests on 


metal cutting, a definite increase in shear stress with compressive 
These higher values of strain were obtained 
only at values of compressive stress in excess of 40,000 psi, ap- 
proaching values expected in metal cutting. An analysis of 
Bisacre’s metal-cutting data indicates values of compressive 
in the range of 50,000 to 75,000 psi, and values of strain 
in the range of 2 to 3. This would indicate that in Bisacre’s 
Bridgman tests the maximum value of 


stress was found. 


stress S, 


33,000 psi compressive 
stress was not high enough to be within the range of compres- 
sive stress obtained in his metal-cutting tests. 
cluded then that the 
tained by Bisacre in his Bridgman tests are not comparable to 
those obtained in his metal-cutting tests. 


It may be con- 
values of strain and compressive stress ob- 


For this reason it is not 
reasonable to expect correlation between the two test methods in 
view of the results obtained in our own laboratory for brass. 
Typical torsion-compression test data (Bridgman test) ob- 
tained in this laboratory for several steels are given in Fig. 18 and 
Table 4 of this discussion. The shear-stress versus compressive- 
stress curves in Fig. 18 show the degree of correlation obtained 


PABLE 4 RESULTS OF AND 


ME -CUTTING 
PORSION-COMPRESSION TEST DATA 


Machining constant C 

Material Strain Metal cutting Torsion-compression 

SAK 3115 2 76 74 

AIST 2.5 87 
SAE 3150 sphe- 

roidized 3 76 

SAE 3150, pearlitic 9.3 74 

SAR 3450 7 83 
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Fig, 18 
between torsion-compression and metal-cutting test data for 
SAKE 3450 steel at approximately equal values of shearing strain. 
These curves are typical of the correlation obtained for each of 
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the materials presented in Table 4. It may be seen that, consider- 
ing the vast differences in rate of strain, temperature, 
conditions, the agreement found may be considered good. 


and test 

Also, it 
may be seen that an increase in shear stress does occur with in- 
creasing compressive stress and that C does equal are cot k to a 
first degree of approximation, which is all that the theory claims. 
Although these data all show support of Merchant's'! theory. of 
the relation between C and are cot k, it should be borne in mind 
that this theory only claims to be a first approximation, and as 
such there obviously must be times when it will be in poor agree- 
ment with experiment, as was the case in the authors’ tests. This 
will happen when conditions do not agree with the simple assump- 
tions and approximations made in deriving the theoretical rela- 
tionships. However, as can be seen from the data presented in 
this discussion, the theory as it stands does give a good approxi- 
mation to experiment in many cases. 
M. C, Suaw"? N. H. Cook," It is gratifying to note that 
the authors’ analysis of their data leads them to the observation 
that normal stress on a plane of shear has negligible influence 
upon subrupture flow stress. This observation is in agreement 
with our thoughts on the matter, '+!5 1617 

The one test of Bridgman on a high-carbon-steel specimen is 
the only set of data that has been uncovered in support of Equa- 
tion [1] of the paper, while there are many compelling arguments 
that can be presented which indicate the lack of such a relation- 
ship. However, unlike the authors, we have not found Equation 
[3] to be in agreement with experiments. While the quantity ( 
usually varies less than 10 per cent when the rake angle is varied 
from +10 to —10 deg, a more critical test of the relationship is to 
use values of rake angle that cover the wider range from +45 to 

10 deg. When this is done the deviation between Equation [3} 
and experimental data is so very wide as to make it apparent that 
some of the reasoning leading to Equation [3] is seriously in 
error. The fact that the coefficient of friction is really strongly 
dependent upon the rake angle and, hence upon the shear angle 
is one of the chief reasons for the failure of Equation [3]. The co- 
efficient of friction is observed to vary from a value of about 0.5 
for a —10-deg rake tool to a value of about 3.0 for a +45-deg- 
rake-angle tool when cutting dry under identical conditions. 
This represents a relatively enormous variation in the coefficient 
of friction. If there were no connection between the coefficient of 
friction and the rake angle, the observed coefficient of friction 
should remain essentially constant. 

The authors have observed in Fig. 8 that the shear stress for a 
number of cuts does not vary significantly while the shear strain 
does, and from this they conclude that strain-hardening is not im- 
portant in the shearing process. However, the increased hardness 
of chips is acknowledged, and an attempt is made to explain this 
inconsistency in terms of the dislocation theory. According to 
dislocation theory, a strain of 1 atom spacing results when a single 
dislocation travels across a crystallite and becomes stuck. 

Strain hardening is thought to result from the “back stress”’ 

! Refers to authors’ Bibliography (1). 

1? Head, Machine Tool Division, Department of Mechanical Engi- 
neering, Massachusetts Institute of Technology, Cambridge. Mass 
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1! Instructor, Department of Mechanical Engineering, Massa- 
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14 Discussion of ‘Correlation of Plastic Deformation During Metal 
Cutting With Tensile Properties of the Work Materials,”” by J. T. 
Lapsley, Jr., R. C. Grassi, and E. G. Thomsen, Trans. ASME, vol 
72, 1950, p. 979. 

'® Diseussion of “Basic Factors in Hot-Machining of Metals,” by 
FE. J. Krabacher and M. E. Merchant, Trans. ASME, vol. 73, 1951, 
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that progressively increases as the number of stuck dislocations 
increase with strain. Thus strain hardening obviously is asso- 
ciated with the straining process itself and so intimately so that 
the two cannot be separated. This conclusion also follows from 
the other current explanation of strain hardening—the crystallite 
theory of Bragg. According to this point of view, strain harden- 
ing results from the fragmentation of larger grains into smaller 
_ erystallites of very slightly varying crystal orientation when slip 
; oceurs. Again according to this point of view, strain hardening 
must accompany slip. It cannot occur after slip has ceased. 
We have observed cutting shear-stress values to decrease with 
- increased chip strain to an even greater extent than that indicated 
in Fig. 8, and have been disturbed by this anomalous result. 
: However, close study of many motion pictures of the cutting 
operation taken through the microscope have revealed the shear 
zone actually to increase in thickness whenever conditions are 
_ changed to provide a thicker chip, ie., for a greater shear strain. 
_ This increase of the thickness of the shear zone provides a lower 
_ shear stress for a given shear strain as a result of a size effect and 
_ a decrease in the rate of strain. The details of this mechanism 
have been presented elsewhere.“ From this work it would 
_ appear that the data points in Fig. 8 are not points on a single 
stress-strain curve, but are rather points located on a multiplicity 
of stress-strain curves, each one showing pronounced strain 
hardening. It is just as though the material were different and 
had a different stress-strain relationship for each of the cuts, 
corresponding to each data point. Thus nothing can be said re- 
garding the tendency for a metal to strain-harden from con- 
sideration of Fig. 8. 

As the authors have mentioned, Drucker and others have 
claimed that metals tend to behave as ideal plastics when de- 
formed at high rates of strain. Careful examination of the litera- 
ture reveals that these observations are all based upon high-speed 
tensile tests of the engineering type. It is well known that ordi- 
nary materials actually exhibit negative strain hardening when 
stress-strain data are plotted on the engineering basis, even 
though the corresponding true stress-true strain data will always 
reveal a positive strain-hardening characteristic for such metals. 
The only data of which the writers have knowledge that may be 
consulted in attempting to establish the influence of rate of strain 
on the strain-hardening tendency are some true stress-true 
strain results obtained in the Materials Laboratories at M.1.T.2*?! 
These tests show a significant increase in the strain-hardening 
tendency when the strain rate is increased from 10~* to 10° see 

Unfortunately, the authors’ differential Equations [4], [4a], 
and [4b] are not capable of yielding the temperature at any point 
in the chip or workpiece as stated. An important term has been 
omitted without which the boundary conditions at the tool face 
and shear plane could not be satisfied. The missing term is that 
due to the heat source at either the tool face or shear plane. 
Equation [4] should correctly read 


re) 06 
K + K Vv D = 0 7 
*) oy ( or (008) +¢ (7) 


_ where q is the rate at which heat is added per unit volume at the 


* “The Rotary Cutting Tool,” by M. C. Shaw, P. A. Smith, and 
N. H. Cook, published in this issue, pp. 1065-1078. 

Visual Metal-Cutting Study,” by N. H. Cook and M. C. Shaw, 
Mechanical Engineering, vol. 73, 1951, pp. 922-923. 

2° Rapid Tension Tests Using the Two Load Method,” by A. V. de 
Forest, Technical Publication No. 1393C AIME; Metal Technology, 
December, 1941. 

1 **The True Stress-Strain Tension Test—Its Role in Modern Ma- 
terials Testing,”” by C. W. MacGregor, Journal of The Franklin Inati- 
tute. vol. 238, 1944, p. 130. 


source, and all other quantities are as defined in the paper. The 
quantity q will be °,, the specific shear energy rate for the shear 
plane, and u, the specific friction energy rate (in Ib per cu in. per 
sec) for the tool face. The temperature at any point in the work- 
piece or chip will depend upon both *, and is. 

Since the dimensional analysis presented was based upon the in- 
complete differential equation, it too is incorrect since im- 
portant quantities have been omitted. The variable 6 (the am- 
bient temperature) is a trivial one and should not be included in 
the dimensional! analysis, since this quantity will be practically 
constant compared with the values of @ that obtain in the chip 
and workpiece. When this is realized, it is evident that Equation 
[5] is incorrect, for none of the three quantities in the function f 
contains the dimension temperature. 

Equation [7] of this discussion, combined with physical reason- 
ing, shows that the following variables must be included in the 
dimensional analysis for temperature: 


0 = temperature at any point (z, y) 
K, = thermal conductivity of | 
workpiece 
K; thermal conductivity of | 
tool 
pC = volumetric specific heat 
of work material (Btu 
per cu in. per deg) 


to fix thermal properties of 
system 


depth of cut 

length of chip-tool con- | 
rr 2 direction of | to fix size and geometry of 

width of cut system 

shear angle 

rake angle 


a characteristic velocity which we will take as cutting 
speed 

rate of shear energy dissipated per unit volume 

rate of friction energy dissipated per unit volume 


In taking the latter two quantities as measures of the source 
strength q, it is assumed that all of the friction and shear work 
appears in the form of thermal energy. This has been shown to be 
the case for the large strains involved in metal cutting.** 

A total of twelve variables is required in this problem. How- 
ever, we need not use these particular quantities, but may sub- 
stitute others whenever a functional relationship connects the new 
and the old variables in a fixed way. For example, we may use 
the quantities u, and u, in the analysis in place of u, and wy, since 
a characteristic velocity V already has been included. 

Thus it is evident that the temperature at any point (z, y) will 
be 


0 = WK, Kz, pC, t, a, b, a, V, uy, u,) [8] 


By following the usual procedures of dimensional analysis®® we 


may write 
Vt 


u, 
where 


*? Surface Temperatures in Grinding,” by J. O. Outwater and M 
C. Shaw, Trans. ASME, vol. 74, 1952, pp. 73-86 

‘Analysis and Lubrication of Bearings,” by M. C. Shaw and 
E. F. Macks, MeGraw-Hill Book Company, Inc., New York, N. Y¥ 
1949, chapt. 3. 
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It is thus evident that the nondimensional temperature quantity 
is a function not only of the nondimensional group the authors 
vall the “thermal number,”’ but also of several other quantities. 
In Fig. 11 the authors consider the temperature along the shear 
plane 6,. Now, this particular temperature will be influenced a 
negligible amount by the last five quantities in Equation [9] of 
this discussion. We could have omitted these quantities from the 
foregoing dimensional analysis if we had been interested in the 


shear-place temperature @, only. In this case Equation would 


“uy 
While Equation | 10! will give good results for shear-plane tem- 
peratures, the more general Equation [0 
general chip or temperature 
emphasized the importance of the 


become 


must be used for a 
The have 
thermal number VL/k. It 
should not be overlooked that there are seven other equally im- 
portant nondimensional numbers in the general case 


The complete physical equation corresponding to Equation 


{10) has been derived in a recent paper.*? 
Here it was found that 


workpiece authors 


pC) 


> 20 tan ) {11} 


a result which obviously is in agreement with Equation [10) from 
dimensional analysis. Equation {11} is shown plotted in Fig. 1% 


of this discussion, with shear angle as parameter. It may be seen 


that the shear-plane temperature is not altered significantly by 


slight changes in shear angle @ The quantity on the right side — 
of Equation (11) must always be less than 1, since it is equal to the 
percentage of the total therma! energy which goes to the chip. — 
Ve 
For values of 

ky 

must be used, and obviously @, must go to zero when Vt/k,is zero. 
In view of the authors’ conclusion that the temperatures de-_ 


veloped during cutting have negligible influence upon the shear | 
process, the question might be asked why it was considered sig-_ 
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20 tan ¢, an equation other than Equation [11] _ 


nificant to plot shear strain _— the thermal number (Fig. 
13 of the paper). Actually, the temperatures associated with 

cutting do play a significant role in the amount of strain (and 

hence stress) that is present in the process. Reasons for this fact 
may be had by applying the concepts of this discussion. 

Since this paper discusses a number of the most controversial 
subjects in the field of metal cutting, it is not surprising that some 
disagreement in interpretation should exist. The foregoing dis- 
cussion should in no way detract from the credit that is due the 
authors for making available such a complete set of carefully ob- 
tained data and their efforts to elucidate some of the more stubborn 
problems of cutting. 
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AvTuors’ CLosuRE 

‘The authors wish to thank all the discussers for their efforts in 
putting forward many valuable comments and experimental data 
concerning some of the fundamental yet highly controversial sub- 
jects in the theory of metal cutting. The divergence of opinion 
among the individual discussers on such basic issues as the effect 
of normal stress on the dynamic shear stress of the material, and 
the significance of strain-hardening during high rates of straining, 
clearly manifests the further need of more work along similar 
lines. 

The torsion-compression test data furnished by Mr. Krabacher 
and Dr. Merchant on several constructional steels are welcome 
additions. It is gratifying to note that such basic studies are 
being carried out in Dr. Merchant's laboratory. Of more signifi- 
cance is the fact that, in the case of a-brass, the increase in shear 
stress with compressive stress is observed only when the value of 
strain reaches unity or greater. Nevertheless, in correlating any 
result obtained under quasi-static test conditions with that ob- 
served in high-speed chip formation, one should not lose sight of 
the strong adiabatic effect associated with the latter. 

Mr. Krabacher and Dr. Merchant indicate that the true shape 
of the S, versus S, curve can be obscured by using a wide range of 
shearing strains as was done in Fig. 7 of the paper. They concede 
that if data corresponding to a narrower range of strain were 
plotted, the result would be a family of parallel lines, 
identical slope equal to cot C. With the wide range of cutting 
variables employed in this investigation, it is possible to obtain by 
calculation various compressive stress on the shear zone and the 


each of 


accompanying dynamic shear stress within very narrow ranges of 
strain. The results of such calculation are given in Fig. 20 and 
Table 5 of this closure. 

It is apparent, therefore, that for the spheroidized SAE 52100 
steel tested, no increase of S, with S, takes place for any strain 
below 3.6, On the contrary, for the three strain values of 2.5, 
3.0, and 3.3, a slight decrease can be observed. 
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20) Errect or Normat Stress on Dynamic SHEAR STRESS AT 
Various STrRains 
SAE 52100, 187 Bhn. Tool material: triple carbide. 
0.102 in. Cutting-speed range: 160 sfpm to 480 sfipm 
Feed range: 0.0049 ipr to 0.0127 ipr.) 


Work material 


A minor error has been made by Mr. Krabacher and Dr. 
Merchant when they use the angle between the inclined straight 
line and the vertical, Fig. 17, as obtained by measurement with a 

_ protractor for “direct” comparison with the value of C in Equa- 
tion [3] of the paper, inasmuch as the scales used for the abscissa 
and the ordinate in Fig. 17 are not identical. Had equal scales 
been adopted, the angle would have been 65.2 deg instead of 70 
deg. 

Professor Shaw and Mr. Cook put great emphasis on the de- 
pendence of the tool-chip friction upon the rake angle per se, but 

have apparently ignored the basic cause for the existence of such a 

relationship. As correct|y pointed out by Mr. Krabacher and Dr. 
Merchant, the large increase in y is due mainly to the decrease in 
the apparent contact stress as a result of the lesser degree of shear 
strain associated with a high rake tool under otherwise identical 
conditions, 

The dislocation theory has not vet reached the stage where we 
can predict the shape of the stress-strain curve of a polycrystalline 
meta! under extremely high rates of loading. However, it is un- 
doubtedly true today that this theory constitutes a very powerful 
and versatile approach to problems involving permanent deforma- 
tion. When load is applied to a single crystal, permanent strain 

_ will result when the stress is large enough to cause the dislocation 
to move. It may be either of the Taylor-Orowan type or of the 
Burgers type. According to Taylor's original theory of work- 
hardening,® it is the interaction among the dislocations and the 

increase in the density of dislocation lines which call for an in- 
crease of stress for further deformation. 
at which a dislocation can travel and that at which the multipli- 
cation of dislocations can take place are definitely less than that of 
sound in the same material. This is concluded directly from 
energy considerations.** Under typical conditions, it may be less 
than 1/10 of the acoustic velocity.2* Thus, if the strain rate is 
high enough, it is possible that the slip planes adjacent to the one 
on which movement already has taken place will start its move- 


Nevertheless, the speed 


«The Mechanism of Plastic Deformation of Crystals, Part I," 
by G. L. Taylor, Proceedings of Royal Society, London, England, series 
A, vol. 145, 1934, pp. 362-387. 

2sThe Theory of Plastic Flow in Single Crystals,” by F. Seitz, 
A Symposium on the Plastic Deformation of Crystalline Solids, Mellon 
Institute, Pittsburgh, Pa., 1950. 

26**Multiplication Processes for Slow-Moving Dislocations,” by 
F. C. Frank and W. T. Read, Jr., ibid. 
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ment before the dislocation can cluster and block its motion. As a 
result, the usual strain-hardening effect might disappear during 
the extremely short interval when deformation takes place. 

Professor Shaw and Mr. Cook have stated that Equation [4] 
of the paper is not correct and formulated Equation [7] in its 
stead, The fallacy of this statement can be readily seen if one 
considers the of the elementary rectangular 
volume ABCD in Fig. 10(a) or 10(b), which is at any arbitrarily 
chosen point (z, y) in the “interior’’ of the solid. The differential 
equation of heat conduction as given by Equation [4] was pre- 
cisely derived on this basis, and is therefore valid for any interior 
point either in the work material or in the chip, provided suitable 
values of K, C, p, and V are assigned to the respective case as ex- 
plained in the paper. For the work material, the main heat 
source is the shear zone which is at the “boundary” in so far as the 
workpiece is concerned. The tool-chip interface forms an addi- 
tional source for the chip and it is also located at the boundary. 
The importance of segregating the general differential equation 
which should be satisfied by the temperature field at any interior 
point from the conditions at the boundary cannot be overem- 
phasized. In fact, this forms the basic theme of the so-called 
“‘boundary-value”’ problems in the solution of partial differential 
equations. Since g does not exist in the interior of the solid, 
Equation {7 | is thus incorrect and should be discarded. 

Equation [4a] or [4b], as it stands, will yield an infinite number 
of possible solutions, all containing the dimensionless number 
R,. However, if one were to seek the temperature distribution in 
the workpiece, a particular solution is required which should 
satisfy not only the differential equation itself but also the con- 
ditions at the boundary. This is where u,,@ ... and so on, will 
come into the mathematical expression for temperature under 
given cutting conditions. Exact solutions are not known. The 
confusion which Professor Shaw and Mr. Cook introduce appar- 
ently results from their failure to differentiate the boundary con- 
dition from the differential equation proper. 

A more complete dimensional analysis of metal-cutting prob- 
lems was given by Bisacre and Bisacre.2” While Equation {10} 
as derived by Professor Shaw and Mr. Cook is correct, they ap- 
parently are unaware of the fact that the shear angle @ itself is 
dependent on the thermal number /’, for a given rake angle in 
orthogonal cutting operations. This was first pointed out by 
Chao am Bisacre.* To see if this were also true for the spheroid- 
ized SAE 52100 steel, values of @ are calculated from the cutting 


“heat balance’ 
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** Authors’ Bibliography (4). 


Cutting conditions and legend 
%=-2° 


Angie, @, deg. 


same as in Fig. iI 


Shear 


30 
Thermal 


40 


Number, R 


so 
t 
Fic. 21) Berween Swear ANGLE ann THERMAL 


NuMBER aT a Fixep Toot Rake tn Onrnoconat Curtine; Tyre 2 
Chie 


i - | 
| 
| 
e 3.0 
» . 23 i 
a6 
| 
‘ 
| 


1054 


data at various 2, and results are plotted in Fig. 21 of this closure, 
for the negative 2-deg-rake tool. 
tained for the positive 10-deg tool. 


Similar results have been ob- 


It is due to the existence of such a unique relationship between 
the shear angle and the thermal number and the fact that tem- 
peratures developed during cutting have negligible influence on 


& 
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the dynamic shear property’, that this dimensionless product 
V.t 
k plays an important role in the thermophysical aspects of 
high-speed chip-formation process. For a given tool and work 


material, and with a given tool rake, the specific shear energy u, 
is evidently solely determined by R,. 


j : 
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By M. C. SHAW,! N 


The oblique tool, which has a cutting edge that is in- 
clined to the direction of motion of the workpiece at an 
angle other than 90 deg, represents the most general type 
of cutting tool. The more complex three-dimensional 
tools of production may be related to an equivalent oblique 
tool having a given inclination angle and a corresponding 
effective rake angle. In this investigation the chip-flow 
direction and the velocity and force relations for an 
oblique cutting tool were compared with experimental re- 
sults. The angle between the direction of chip flow and a 
normal to the cutting edge was found to be approximately 
equal to the inclination angle for ordinary friction condi- 
tions, but to be progressively larger than the inclination 
angle as the friction decreased. The effective rake angle 
for an oblique tool is found to increase without a corre- 
sponding decrease in the included tool angle. The direc- 
tion of the force component in the tool face was found 
to deviate considerably from the chip-flow direction, 
particularly for larger values of inclination angle. How- 
ever, the directions of maximum shear stress and shear 
strain on the shear plane were found to be nearly colinear 
for values of inclination up to 30 deg. The analytical 
consequences of these observations are discussed. The 
method of applying the oblique-tool results to three- 
dimensional tools is illustrated by three examples involv- 
ing a lathe tool, a face-milling cutter, and a drill point. 
The drill-point discussion is extended to illustrate the 
value to be derived from a qualitative application of basic 
oblique-tool mechanics to the interpretation of drill test 


data. = 


INTRODUCTION 


PR NHE mechanics of a two-dimensional cutting tool in which 
the cutting edge is perpendicular to the cutting-velocity 
vector have been established independently by Merchant 
(1)* and Piispanen (2), and the results of these 
in good agreement with experimental data. Such cutting opera- 
tions are sometimes referred to “orthogonal.” While most 
commercial tools are three-dimensional, there are some practical 
orthogonal cases. 


> investigations are 
as 
These include some finishing-planer opera- 


surface-broaching operations, the lathe cut-off 
and some plain-milling operations. Representative 


tions, some 


operation, 


1 Associate Professor of Mechanical Engineering, Massachusetts 
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2 Instructor in Mechanical Engineering, Massachusetts Institute 
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* Numbers in parentheses refer to Bibliography at end of paper 
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three-dimensional cutting tools are single-point tools with inclina- 
tion or helix angle, the conventional lathe tool, the face-milling 
cutter, and the drill. These three-dimensional cases are not nearly 
as well understood as the simple orthogonal process. Noteworthy 
attempts to extend the orthogonal cutting mechanics to three- 
dimensional processes have been made by Merchant (3), Stabler 
(4), and Kronenberg (5). In this paper we shall re-examine the 
three-dimensional tool problem and attempt to correct some of 
the errors and misconceptions of the previous investigators. In 
so doing, it is hoped that a greater number of discrepancies ol 
not have been introduced. 


Curtine INCLINATION 


The simplest three-dimensional cutting tool is a straight cut-_ 
ting edge that is inclined to the velocity vector, Fig. 1(b). In- 
clination 7 is the distinguishing feature of all three-dimensional 
cutting operations and represents the point of departure from the 
orthogonal case. Inclination significantly alters chip flow and 
hence the performance of a tool. We shall first direct our at- 
tention to the oblique cutting tool with inclination. 


(a) 


Fic. 1 or ORTHOGONAL 
OPERATIONS 


(a, Orthogonal cut. 6, Oblique eut.) 


COMPARISON Osiigue 


Two distinct rake angles are frequently employed in discussing 
a tool, and these may be defined as follows: 


1 The “normal’’ rake angle a, (sometimes called the oblique 
rake angle) is the angle measured from a normal to the finished 
surface in a plane perpendicular to the cutting edge (plane OA in 
Fig. 2). This is the angle most frequently specified and most 
easily measured, but is not the rake angle of greatest significance. 

2 The velocity rake angle a, (unfortunately sometimes referred 
to as the true rake angle’) is the angle measured from a normal 
to the finished surface in a plane containing the cutting-velocity 
vector (plane OB in Fig. 2). This particular rake angle is insig- 
nificant and is mentioned here only because it has received so 
much attention from previous investigators. 

We may readily express a, in terms of a, as follows 


tan a, 
tan a, 


cost 


While the normal and velocity rake angles are easily measured, 
they are not of fundamental significance in the cutting process. 


* Not all investigators agree on a single definition. Kronenberg 
(5) has assigned the term true rake to the angle defined above as the 
velocity rake, while the American Standards Association (6) defines 
the rake angle we shall later define as the effective rake angle, as the 
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by the angle », between the chip-flow direction_and the normal 
to the cutting edge, as measured in the plane of the tool face, 
Fig. 5. Stabler (4) has shown that when angle 7, is known, the 
effective rake angle a, may be determined readily as follows 


sin a, = sin 7, sin i + cos 7, cos i sin @, 


Now 7, may be directly measured in a number of ways, in- 


eluding: 


1 Directly with a protractor as the chip flows across the tool 
face. 
2 From chip-width measurements. 


The second method has been found the most precise, particu- 


larly at the higher cutting speeds and hence will be described in 


detail. In Fig. 6 it is evident that for any arbitrary chip-flow 


direction 7, 


where b, is the width of the chip (FC in Fig. 6); 6 is the width of 
the work (OG in Fig. 6). Thus chip flow direction 4, may be 
determined simply from measurements of chip and work width, 
In making the chip-width measurement b,, it is preferable to use 
a measuring microscope to measure distance OF on the face of the 
chip, Fig. 7, rather than a micrometer, which will measure’ hori- 


CUTTING EDGE 


Fie. 5 View or Toot Normat To Toor Face, SHowinc MANNER 


hia. 4 Errretive Rake ANGLE ror Ostique Currine Toor 
In Fig. 3 the complement to the rake angle in orthogonal cutting 
(90-a) is seen to measure the angle through which the metal is 
deflected by the tool. In general, the greater this angle (90-a), the 
greater will be the cutting work required. It is truly unfortunate 
that the importance of this more natural angle was not originally 
recognized and the rake angle so defined. In comparing three- 
dimensional cutting data with orthogonal data, we should adopt 
an effective rake angle that is comparable to that used in the two- 
Thus the effective rake angle for the oblique 
tool in Fig. 4 should be related to the cutting-velocity vector 
DO and the chip-flow direction OC, and therefore should be 
measured in the plane of DO and OC, The effective rake angle 
is labeled a,, and it is evident in Fig. 4 that the metal is deflected 
through an angle (90-a,) as it passes across the oblique tool face. 
Hence a, should play the same role in oblique cutting as @ does 
in orthogonal cutting 


dimensional case. 


Dirrecrion 
In order to determine the effective rake angle a, for any tool 
with inclination, it is necessary to know the direction the chip 
takes as it crosses the tool face. This is most effectively specified 
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zontal distance OK. It is difficult to measure distance OF with — the data of Table 1 shows that Stabler’s rule is approached as the 
satisfactory precision when cutting conditions are poor and there cutting process becomes less efficient, i.e., as the coefficient of 
is an appreciable built-up edge. For this reason, experiments friction increases 
to determine », were conducted using an effective fluid (carbon 
- tetrachloride) and at speeds low enough for the fluid to have ample 
opportunity to function. The tool used was wider than the work- 
piece and could be given any inclination up to 45 deg. The plan- 
ing operation was used as shown in Fig. 8. 
The results of these slow-speed planing tests are given in Table 
1. Here the values labeled n, were obtained by use of Equation 
{3}, while those designated 7.’ were obtained by direct measure- 
ment. The agreement is seen to be very good in most cases, but 
where a difference is indicated, the 9,-values are thought to be 
more precise than the 7,'-values. A study of Table 1 will reveal 
that angle », decreases when a cutting variable is changed that 
normally decreases the coefficient of friction. 
Thus it is found that: 


n. decreases as rake angle (a,) is increased. ran hr q 
7. increases when a more efficient cutting fluid is used. 

3. 7. increases as the friction characteristics of the metal cut 
improve (cold-drawn steel as opposed to soft aluminum which 
ugually exhibits inferior friction characteristics to those of harder 
steel), 


2 
2 


The angle 9, is evidently sensitive to changes in cutting con- 
ditions that normally give rise to a significant change in the 
coefficient of friction. At the same time 7, is seen to be little 
affected by changes in depth of cut ¢, or cutting speed V. 
The angle 7, is seen generally to increase with the inclination 
angle i, and Stabler (4) reports that experimentally the angle 
7. was equal to the angle i, for all test conditions he investigated, 
including tool and work materials, rake angles, and speeds. In 
the following discussion we will refer to this observation as Stab- 
ler’s rule of chip flow. The data of Table 1 are shown plotted in 
Fig. 9, together with Stabler’s rule. From this it is evident that 
chip-flow direction is not simply a matter of geometry as proposed Fie. PL Arranates Were Toot or Beno Given 
by Stabler, but is also influenced by other considerations, which re es 


: : : : . : (Three-dimensional cutting dynamometer for measuring forces will be 
include chip friction as already mentioned. Re-examination of described later.) 


TABLE 1 VALUES OF CHIP-FLOW DIRECTION FOR OBLIQUE CUTTING TOOLS 
Rake Depth of Cutting 
Quantity angie, cut speed, 
varied a, deg t, in. V, ipm Fluid deg deg 
(SAE 1015 Sree. b = 0.248 In. 
0.002 20 cckh 30 48 
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(Stabler’s rule.) 


The physical significance of Stabler’s rule may be recognized 
by reference to Equation [3]. Here it is evident that when 
n. is said to be equal to 7, this is the same as saying that the chip 
width b, is the same as the work width 6. Thus Stabler’s rule 
merely says that the chip will take a direction relative to the cut- 
ting edge such that there is no change in width as the metal 
crosses the cutting edge. While this is known to be a very good 
approximation in orthogonal cutting, where side flow is usually 
negligible, it is seen to be but a first approximation for a tool hav- 
ing inclination 

Kronenberg (5) has assumed that the velocity rake angle a, 
(which he refers to as the true rake angle) is the significant rake 
angle of a tool with inclination. This is equivalent to saying that 
chip flow will be in direction OB in Fig. 2. We may compute 
angle AOB in Fig. 2 readily, which will be designated yy, to ob- 
tain 

tan y = tan a, .{4] 


Now, according to Kronenberg’s assumption, the chip-flow angle 
7. should be equal to this angle y. In Fig. 10 the data of Table 
1 are shown plotted with tan ¢ as the abscissa and tan 9, as ordi- 
nate, The lines refer to Equation [4! with 9, substituted for y— 
one line for each value of a, tested. Here it is evident that 
Kronenberg’s assumption is not at all in agreement with ex- 
periment, 

This is the picture as we now see it, Stabler’s rule presents a 
better basis for predicting the chip-flow direction than the true- 
rake-angle method, but still leaves something to be desired with 
regard to accuracy. Friction obviously plays a significant role. 
It should be observed, however, that the friction is not apt to be 
as low in practice as the values obtained at slow speed using 
carbon tetrachloride and hence practical deviations from Stab- 
ler’s rule considerably less than the maximum observed in Table 
1 should be expected in practice. At any rate, we are obliged to 
use Stabler’s rule until a better approximation to fact is to be 
found. 
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When Equation [2] is simplified by use of Stabler’s rule, we 
obtain 
sin a, = sin? i + cos*i sin a@,......... {5} 
A plot is to be found in Fig. 7 of reference (3) that is very helpful 
in the application of Equation [5). 


Vevocrry RELATIONS 


Once the chip-flow direction is established, the velocity and 
strain relations for oblique cutting follow directly from geometry. 
While most of the equations of this section previously have been 
stated correctly by Merchant (3), they will be reviewed here con- 
cisely as a matter of convenience. As in orthogonal cutting, 
there is a shear plane when cutting with an oblique tool. This 
shear plane will contain the cutting edge and will rise from the 
finished surface as we proceed into the workpiece in front of the 
cutting edge. The direction of the shear plane is most conven- 
iently defined in terms of a normal shear angle @, measured in a 
plane normal to the cutting edge, i.e., in a vertical plane along 
OA in Fig. 2. In Fig. 11 a section view of a partially formed 
chip is shown in a plane normal to the cutting edge’ The angles 
¢, and @, are as shown, and we obtain a relationship between 
these two angles and the chip and workpiece thicknesses just 
as in orthogonal cutting (1) 
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where ¢ and ¢, are the depth of cut and chip thickness, respec- 
tively. If the back of the chip is very rough, it is usually more 
precise to use a chip-length ratio rather than a chip-thickness 
ratio. This may be done as a consequence of the volume-con- 
tinuity relationship of plasticity which expresses the fact that 
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1 V, the cutting velocity which is directed along DO in Fig. 4. 
2. ‘V,, the chip velocity which is directed along OC in Fig. 4. 
3 V,, the shear velocity which must be directed from O toward 


E in Fig. 4 in order that the three vectors form a closed triangle. 


wl 


E 
SHAPE OF PLANE OocE 


The relationship between these velocities may be found readily 


_ by use of a three-dimensional model of the velocity triangle to give 
Section or Partiatty Formep Cure PLane Norma 


cos ¢ sin >, 
cos 7, cos a@,) 


COS 


Just as an effective rake angle a, was defined previously for an 


oblique cutting tool, an effective shear angle @, may be defined 
similarly (see Fig. 13). This effective shear angle lies in the 
plane of DOCE in Fig. 4. 


a From Fig. 13 it is evident that 


Fic. 12 View or Sneak Prane From A Direction Norma To 
Piane, SHowrnc MANNER oF Sreciryinc Smear Flow 
Direction OC 


the volume of the metal is unchanged in any process involving 
large plastic strains; hence 


(7] 


where | and |, are corresponding work and chip lengths. From 


Equation [7] 


lb, 
t ob 
The direction of shear flow is given by a line in the shear plane 
that makes an angle 7, with a line that lies in the shear plane and 
is normal to the cutting edge (see Fig. 12). This shear-flow angle 
7, is found to be 


In orthogonal 


tan cos (@, — a@,) — tan 9, sin 
tan 7, = 
cos 


cutting the shear strain 


Y = cot d + tan(@— a) 
while in the case of an oblique tool this obviously becomes 


cot d, + tan (%, — a,) 


cos ", 


{11} 


In accordance with the principles of kinematics, the three ve- 
locity vectors involved in oblique cutting must form a closed 
velocity triangle. These three velocities shown in Fig. 13 are 


COs 7, COS 


It should be recalled that the value of a, may be obtained from 
Equation {2}. 


Force Revations 


When considering the forces acting upon an oblique cutting 
tool, investigators in the past (3, 4) have assumed that the re- 
sultant force in the plane of the tool face acts in the direction of 
chip flow (OC in Fig. 4) while the resultant force in the shear 
plane has been assumed to be in the direction of shear flow (OF 
in Fig. 4). A little reflection will show that both of these condi- 
tions cannot generally be fulfilled physically. If the chip above 
the shear plane be taken as a free body, there are but two forces 
acting upon it—a resultant force on the tool face R, and a re- 
sultant force on the shear plane R’. To satisfy the conditions of 
equilibrium, the forces 2 and R’ must be equal in magnitude, par- 
allel to each other and oppositely directed. It ¢an be demonstrated 
readily with the aid of a model that for any values of @ and a, 
there will be only one resultant force direction such that the 
forces in the tool face F, and along the shear plane F, will be in 
the directions V, and V,, respectively. Since a variety of values 
of R can actually exist for given values of @ and a, it follows that 
in the general case F, and V,, and F, and V, cannot be colinear 
simultaneously. 

The foregoing observations cease to appear paradoxical when 
we recognize that the shear and friction processes in cutting are 
mutually related. Our familiarity with the behavior of such 
bodies as the plane slider in Fig. 14 leads us to expect a body to 
move in the direction of the applied forc®, i.e., in direction OA 
when force F, is acting, but OB when force F; is acting. Only by 
erecting a wall along CD can our slider be made to take path OA 
when subjected to force F; While there is no physical wall 
between the chip and tool, the restraint offered by the adjacent 


q 
= 
} 
7 
V 
> 
(10) 
q \ 


shear process provides an action similar to the wall in the fore- 
going analogy. 

The foregoing observation also may be demonstrated experi- 
mentally. To do this, a sensitive dynamometer was constructed 
capable of measuring forces simultaneously in three orthogonal 
directions without any interference between the components. 
This device, Fig. 8, employed wire resistance gages as the strain- 
mee ring elements. Representative results are given in Table 


-. 
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In making these tests, the dynamometer was oriented with its 
axes in the x, y, z-directions of Fig. 15. 


/ 


Here y extends along 


Stiper SHowine Parn Taken Unver 
Dirrerentey Forces 
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TABLE 2) REPRESENTATIVE CUTTING 


Depth of = 


x 10 
pei X 10% 


ws, psi X 1074, 
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the work surface parallel to cutting velocity V; z is along the work 
surface norma! to V, while z is in the vertical direction. In order 
to find the component of the resultant force in the plane of the 
tool face, it is convenient to change to the z’, y’, z’ right-hand 
orthogona! set in Fig. 15, where z’ is along the cutting edge, y’ 
is normal to the tool face, and z’ is normal to the cutting edge, but 
in the plane of the tool face. If a, b;, and ¢ are the direction 
cosines of the z’ axis relative to the z, y, z-co-ordinate system, 
and 2, ba, cz, and ay, bs, cs, the direction cosines of y’ and z’, respec- 
tively, then the transformation may be readily made as follows 


= aF, + + aF, 
aF, + bF, + oF, 
F,’ = a;F, + bF, + aF, 

where 
a, = cost; 
a> 


= sin =0 


= cos @, sin 1; b; = cos a, cos i; 
= 

If 6, is the angle that the force in the plane of the tool face F, 
makes with the normal to the cutting edge in this plane, i.e., the 
2‘-anis in Fig. 15, then 


Cs 


= sin a, 
= cos a, 


a, = —sin sin sin @, cost; 


cos iF, 


sin @, sin 


sina F 
F, sin a, cosi Py + cos a,F, 

16) 


The angle the force in the shear plane F, makes with the normal 
to the cutting edge in this plane may be similarly found 
—cosiF, +siniF, 


tan 6, = 


cos sini F, + cos @, cosi Fy + sin Fy [17] 
where in this case the positive 2’-axis is in the direction opposite 
that used in the derivation of Equation [16]. The angles 
¢, and {, in Table 2 are the differences between the corresponding 
values of n and 6, 

There are several forces of interest in an oblique cutting proc- 
These include the following: 


oss, 


| The resultant force acting on the tool face R, or on the 
shear plane R'(R = R’) 


R = + + 
DATA FOR OBLIQUE CUTTING TOOLS 
0.005 in 
30 


—_ 


15 


one 


sare 
on 


J 
= 
= 
2 
, 
Y 
} 
— 
xe 
/ 
j 
bia 
5 
be. in 0.19 0 22 240 0 0 22 
in 1.71 2 30 1.32 ! 2300 
Fy’. Ib 3° 270 —3 2 270 
b-, deg 33.3 25.6 0 25.6 
deg 98 121 0 7 121 
fo, dew 1.2 4.5 3.5 
on, deg 181 28.5 28 5 
dex 25.8 342 34 2 
F 25.3 28 5 28 5 : 
26 041 ‘ 0-62 053 041 
44 2 20 1.33 2.98 2.28 2 20 
s 50.8 62.2 462 57.0 30.8 1 
psi X 107% 268 222 156 242 233 222 
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2 The component of force along the tool face F, 


F, = + } 
= {(cos i F, — sin i F,)* 
+ (—sin a, sini F, — sina, cosiF, + cos a,F,)?}'/* 


{19} 


3 The component of force normal to the tool face, F,,, 


F., = Fy = cos aw, sini F, 
+ cos a, cos i F, + sin a, A a” {20) 


¥ 4 The components of force in the tool face that are parallel to 
the chip flow direction (F, cos [,), and normal to the chip-flow 
direction (F, sin [,), respectively. 

5 The component of force along the shear plane, F, 


F, = ((— cosi F, + sini F,)* + (— cos, sini F, 
—cos @, cos i Fy — sin (21) 
6 The component of force normal to the shear plane, F,, 


F,, = —sin sini F, — sin @, cos i Fy + cos @,F,. . .|22) 


7 The components of force in the shear plane that are paralle! 
to the shear flow direction (F, cos [,), and normal to the shear 
flow direction (F, sin {,), respectively. 

The coefficient of friction wu, is usually defined as the tangential 
force divided by the normal force. We must generalize this 
definition here and refer to the tangential-force component in the 
direction of relative motion to take care of the fact that the fric- 
tion force’and the velocity vectors are not colinear; thus 


There are two stress components associated with the shear 
plane that are of interest—a <hear component 7 and a normal 
component ¢. These may be computed as follows 

T= sin @, cos 

Finally, there are three specific energies involved in the ob- 
lique cutting process. These are as follows: 

1 The friction energy per unit volume 
F,cos V, F, 
bt A, 


uy = 


where A, is the cross-sectional area of the chip. 
2 The shear energy per unit volume 


F008 $V, 


av 


= Ty cos 
3 The total energy per unit volume 


u=u+u= 


bt 
EXPERIMENTAL OBSERVATIONS 
All of the foregoing quantities have been computed for the 
representative tests of Table 2, and allow the following observa- 
tions to be made: 


1 The quantity (7, — 1%) which is a measure of the deviation 
from Stabler’s rule is seen to decrease with increased coefficient 
of friction, or to decrease with decreased shear strain as previously 
observed in connection with Table 1. 
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2 As would be expected from geometrical considerations, 9, 

increases whenever 7, increases, but at a lower rate. 

3 The inclination angle is seen to have a very significant in- 
fluence upon the effective rake angle, particularly at high values 
of the inclination angle. As might be expected, the effective 
shear angle @, is seen to increase with a,. 

4 The deviation between the chip-flow vector and the result- 
ant-foree vector in the plane of the tool face (as measured by 
angle [,) is seen to increase with both ‘an increase in the effective 
rake angle a, and an increase in the inclination angle 1. 

5 The deviation between the shear-velocity vector and the 

resultant-foree vector in the shear plane (as measured by angle 
f,) is seen to be insignificant in all of the tests. 
6 The fact that &, is insignificant while ¢, is substantial would 
indicate that the shear process predominates over the friction 
process, That this is actually so may be seen by a comparison 
of the two processes as indicated by the ratio u,/u. 

7 The coefficient of friction on the tool face is seen to de- 
crease with increased inclination angle i. This is particularly 
significant inasmuch as the coefficient of friction will increase with 
increased rake angle in orthogonal cutting. However, as already 
mentioned, when inclination angle is increased, the effective rake 
angle is seen to increase, Thus the special geometry associated 
with an inclination angle has a greater effect upon the coefficient 
of friction than does the effective rake angle. 

8 The shear siress on the shear plane is seen to increase with 
inclination angle while the shear strain decreases. 
tion for this paradox is presented in reference (7). 

9 The total energy per unit volume u is seen to decrease with 
increased inclination. This decrease is due to a decrease in the 
shear strain which in turn is due to an increase in the effective 
rake angle with increased inclination. Obviously, the decrease 
in u is not due to a decrease in the friction energy per unit volume 
u, with increased inclination, 


An explana- 


Views of representative chips obtained using the three angles of 
inclination of the tests of Table 2 are shown in Fig. 16. All chips 
are for a length of cut of approximately 4 in. Here the change 
from the flat spiral chip of orthogonal cutting to the helical chip 
that is characteristic of a tool with inclination is evident. 

One of the functions of inclination is to alter the chip-flow 
direction, and the manner in which side flow increases with the 
inclination of the cutting edge is evident in Fig. 16. 

Stabier (4) has derived an expression relating the rake, shear, 
and friction angles in orthogonal cutting (his Equation [29)), 


based Upon tWo assumptions: 


1 That the angles i and 9, are equal in oblique cutting (Stab- 
ler’s rule) 

2 That the direction of maximum shear strain is in the direc- 
tion of maximum shear stress on the shear plane (i.e., that 9, = 
é, or = 0) 


The reason that such a relationship between the rake, shear, 
and friction angles may be obtained from purely geometrical con- 
siderations is posed by Stabler as a “knotty problem.” It would 
appear that the difficulty here lies in the fact that, in general, 
neither of the above assumptions is valid. We have seen in 
Table | that when the coefficient of friction is relatively low, 
assumption | is only approximate while assumption 2 is good 
It is shown in reference (7) that under less favorable friction con- 
ditions (dry cutting), assumption | improves, but assumption 2 
Thus the afore-mentioned development is 
based upon two assumptions that are not, in general, good ap- 
proximations at the same time. 


ceases to be good. 


Tue Latue Toor 


While there are some production tools that employ simple in- 


| | 
"3 
— 
° 
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Chip 
length, 


in. 


Inclination, 
deg 


bia. 16 


(Rake angle, an = 10 deg: 
0.005 in,; cutting speed, 


RePRESENTATIVE CHIPS 


length of cut, | = 4in.; depth of cut, ¢ = 
= 20 ipm.: cutting fluid, carbontetrachloride.) 


clined cutting edges, such as those just discussed, most tools in 
use appear geometrically more complex. However, when care- 
fully studied, these tools may be reduced to equivalent inclined 
cutting tools. Were this not so, it is unlikely that we should be 
as interested in the inelined tool as the extent of the foregoing dis- 
cussion would indicate. 

Most practical three-dimensional tools are found to have two 
edges that cut simultaneously. Probably the most common 
tool of this type is the ordinary lathe tool, Fig. 17. Here the 
primary cutting edge is the side-cutting edge while the secondary 
edge is the end-cutting edge. Since the depth of cut is usually 
much greater than the feed per revolution, what happens along 
the secondary cutting edge is negligible compared with what 
happens along the primary cutting edge. Bickel (8) has demon- 
strated this to be the case in some ingenious experiments con- 
ducted in Zurich, 

If the nose radius is small, we can consider the side-cutting edge 
as an oblique cutting tool such as that shown in Fig. 1(b). From | 
the geometry of Fig. 17 it can be shown that the angle of inclina-_ 
tion t, of the side-cutting edge is given by 


tani = tan a, cos ¢, tan a@, sin ¢, 


{29} 


while the normal rake angle a, is given by 


tan a, = (tan @, cos c, + tan ay, sin c,) cos? 


[30] 


For the tool in Fig. 17, Equations [29] and [30] yield the follow- 
ing results — 


a= 4.1 deg 
a, = 15.5 deg 
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Thus to a first approximation we may consider the relatively 
complex tool in Fig. 17 equivalent to a simple oblique cutting 
tool having a 4-deg angle of inclination and an effective rake angle 
of about 16 deg. 


Assuming Stabler’s rule to hold, Equation [5] then gives 


a, = 15.7 deg 


Tue Cutrer 


The foregoing analysis of tool geometry may also be readily 
applied to a face-milling cutter. Fig. 18 shows the manner in 


7h End Cutting Edge Angle 


Too! 


Nose Roaus face 


2 


Side Ena Relief Angle 
Relief Argie 


TOOL DESIGNATION ~ 8,14, 6,6,20, 15, 
Op Back Rake 
Side Rake — 
Relief 
Side — 
fnd Cutting Eage —— 
Srate Cutting Edge --—— 

Nose Radius 


—— 


Representative Latue Too, SHOWING AMERICAN STAND- 
ARDS NOMENCLATURE 


which a single tooth of a face-milling cutter operates, while Fig. 
19 shows the principal angles of such a cutter. These angles are 
shown in Table 3 together with their lathe-tool counterparts. 

In order to illustrate the use of the foregoing procedure in find- 
ing the effective rake angle a, and inclination i of a face-milling 
cutter, consider the following example: 


Axial rake 
Radial rake 
Corner angle, c = 30 deg 


angle, a, = 10 deg ae 
angle, a, = —10 deg Las 


For this case the inclination and effective rake angles are found to 
have the following values by the following steps similar to those 
employed in the lathe-tool example: 


i= 


13 deg 
> : a, = —2 deg 
As a final example, we might apply the foregoing methods to 
the analysis of a drill point. The principal drill nomenclature is 
shown in Fig. 20, and the lathe-tool equivalents of the more im- 
portant drill angles are given in Table 4 
The analysis of the drill point is somewhat more involved than 
that for other tools inasmuch as the values of the first two items 
in Table 4 vary with the radius to the point in question on the in- 
clined cutting edge. The helix angle is the angle whose tangent 
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TABLE 3 EQUIVALEN yay FOR vA ACE-MILLING CUTTER 


) LATHE TOOL 

Face-milling cutter 
Radial-rake a. 
Axial-rake a: 
Corner angle, ¢ 


Lathe tool 
Side-rake angle, as 
Back-rake angle, ab 
Side-cutting edge angle, 


18 Action or CutTrerk SHOWING MANNER IN 
Waren Pertpnerat Cutting Evce Propuces Cup 


AXIAL RAKE 


hic. 19 Face-Mituine Curren Wrrn Inserten Briapes, Snow- 
ING Principat ANGLES 


is the ratio of the circumferential length at the radius of interest 
to the pitch length of the helix, that is 
Helix angle = tan-! —— 
pitch 


TABLE 4 EQUIVALENT ANGLES FOR DRILL AND LATHE TOO. 
Lathe tool Ser, 


Drill 
Side-rake angle, as 


Back-rake angle, ad 
Side-cutting edge angle, cs 


Helix angle 
point angle 


@ Where w is web thickness and r is radius to point in question 


Fig. 20 NoMeNcLATURE 
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lp oe the values of Table 6 are obtained. 
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The drill angle that corresponds to the side-rake angle of a lathe 
tool (i.e., sin=' w/2r) is also observed to vary across the cutting 
edge. 

It is instructive to apply the foregoing reasoning to an actual 
drill point of the following dimensions: 


Diameter 


Helix angle 
= Point angle . 
Chisel-edge angle 
Web thickness 


An end view of the point of this drill is shown in Fig. 21. 
characteristics of the three points along the cutting edge labeled 
1, 2, and 3 in Fig. 21, are summarized in Table 5. 


TABLE 5 DRILL-POINT CHARACTERISTICS 
Point " deg deg 
21.4 
7.6 
ig 9 


Fic. 21. Exp View or Point 

The inclination is seen to increase as the center of the drill is 
approached. As a consequence of the relatively high inclination 
near the center of the drill, the effective rake angle is seen to be 
reasonably large (25 deg), even though the normal rake angle 
a, at this point is but —19.9 deg. The cutting that occurs near 
the center of a drill might be described as a slicing action. The 
metal at the very center of the drill (r = '/, in.), and under the 
chisel edge is not cut in the normal sense, but is removed by a 
process that resembles extrusion. This is not a very efficient 
process and tends to limit the extent to which the web thickness 
of a drill may be increased. 

From the foregoing drill analysis it is evident that the web thick- 
ness, helix angle, and point angie are the three dimensions of 
greatest significance in determining drill performance. In order 

to demonstrate one method in which an analytical approach may 

_ be used to advantage, we will now consider the influence that each 
_of these three variables has upon i, a,, and a,. If but one of the 
dimensions of the drill of Table 5 is allowed to change at a time, 
Here it is seen that certain 

of the basic drill dimensions primarily influence the outer por- 
_ tions of the drill while others influence the drill predominantly at 
the point. 

Table 7 shows the influence of increases of point angle, helix 
angle, and web thickness upon the quantities (90-a,) and a, 
The quantity (90-q,) is important with regard to the mechanical 
strength and heat capacity of the cuttipg edge, while a, is of im- 
portance with regard to the energy involved in the cutting opera- 
tion (the energy required to cut a given volume of metal de- 
creases as a, increases). It is evident that large values of both 
(90-a,,) and a, are desirable, but usually this cannot be arranged. 

_ However, this situation can be approached in the case of the drill. 

Let us suppose that a given drill is failing at its periphery due 

to overheating. We should like, therefore, to increase (90-a,) at 


¢ 

\ 
5 
2 = 
F 
4 
be 


TABLE 6 
(Drill-point angle 140 

Standard 


of Table 5 
an 


24.4 


10 
~12 


the periphery and at the same time decrease a, By increasing 
the helix angle, a, will be increased but (90-a,,) will be decreased 
(see Table 7). The decrease in (90-a,) may be offset, however, 
by decreasing the point angle without an appreciable change in 
a,. In this instance drill life might be improved by a simultane- 
ous increase in helix angle and decrease in point angle. Little 
would be gained by adjusting the web thickness in this case since 
web thickness only alters the geometry near the point of the drill. 
Of course we have considered only the geometrical aspects of 
the problem in the foregoing discussion. Actually, improve- 
ment also may frequently be derived by changes in such operating 
variables as feeds and speeds. 

If in another case a drill were failing due to overheating near 
the point, litthke would be gained by adjusting the helix angle. If 
the web thickness were increased, less heat would be developed 
due to cutting near the point (a, less) and (90-a,,) would increase 
(see Table 7), but a greater amount of metal would have to be 
extruded. Therefore an increase in web thickness could in this 
case improve drill performance or make it worse depending upon 
the metal cut and a number of other factors. The answer could 
be obtained only by trial. An increase in point angle in this in- 
stance would improve matters in so far as @, and the heat gen- 
but at the same time there would be less 
metal available to conduct heat away. Again, the answer could 
be obtained only by test. 


erated are concerned, 


In the foregoing discussion, but two of the many types of drill 
While Table 7 may be applied simi- 
larly to other modes of failure, such discussion would lie beyond 
the scope of this paper. 


failure have been discussed. 


CONCLUSION 


The underlying motivation for all metal-cutting studies is to 
obtain an understanding of the three-dimensional cutting opera- 
tions of production. It is only natural that the simpler two- 
dimensional case should have been studied first; but before the 
full importance of this work can be realized, it is necessary to 
learn how it may be applied to the three-dimensional problems of 
industry. The key to this procedure lies in a complete under- 
standing of the characteristics of the inclined cutting tool. When 
all aspects of this type of tool are known and can be expressed 
analytically, it will be possible to put tool design on a rational 
basis. 

ie 
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23.5 
10.5 
19.9 


ABLE 7 _ IN 
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OF 
EDGE AN (90-ay) 
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— At edge of drill 
90-a» ae 


CHANGE OF DRILL 
AND EFFECTIVE RAK 
—At point of drill— 
For an increase of: Wear a 
Point angle ° + 
Web thickness + + 
Norts: 
= decrease 
+ = increase 
O = negligible change 


The fact that an art as old as metal cutting should have pro- 
gressed so little in the direction of a science is a most discouraging 
thought. However, some encouragement is to be found in the 
fact that it was less than 15 years ago that the first attempts were 
made to attack this problem from the standpoint of analytical me- 
chanies. More work in this direction is sorely needed. 
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A novel lathe-type cutting tool in the form of a disk that 
may be rotated about its central axis is described and an- 
alyzed. Such a rotary tool is found to correspond to an 
equivalent oblique tool having an angle of inclination 
whose tangent is equal to the ratio of the tool and work- 
surface velocities. In addition to the inherent feature of 
the oblique tool of providing a greater effective rake angle 
without a corresponding decrease in the actual included 
angle of the tool, the rotary tool (1) provides a rest period 
for the cutting edge, thus enzbling the edge to be cooled 
and the adsorbed film on the tool surface to be replenished 
between cuts; (2) enables the relative chip velocity to be 
increased to provide a lower coefficient of friction with- 
out necessitatmg a corresponding increase in the rate of 
metal removal. A rotary tool of 10-deg rake angle is capa- 
ble of reducing total power required to make a given cut 
by about 350 per cent and at the same time to operate 
with a temperature about 400 F lower than that for the 
equivalent stationary tool. Representative test data for 
both rotary and stationary tools are analyzed and dis- 
cussed. The shear stress on the shear plane is found to 
decrease with increased shear strain in the case of either a 
rotary tool or an oblique tool. This anomalous result is 
explained in terms of a size effect associated with the 
change in thickness of the shear plane that accompanies 
a change in the angle of inclination. ee 


oY XPERIENCE with conventional single-point cutting tools 
of the type used for rough-turning operations indicates 
that the following items are of primary interest with re- 
gard to the design of tools of long life. 


1 The energy required to shear a unit volume of metal should 
be as small as possible. 

2 The energy associated with the friction between chip and 
tool should be as small as possible. 

3. The tool point should be as massive as possible, 


Now, these items are not mutually independent, and a com- 
promise solution must usually be arranged. For example, it is 
desirable to have as large a rake angle as possible from the stand- 
point of the energy required to shear the metal, but as small a 
rake angle as possible from the standpoint of the strength and 
thermal capacity of the tool point. It is well known that the 
coefficient of friction between chip and tool, when cutting in air, 
decreases with an increase in chip velocity. However, in single- 
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gard to the strength of the tool point. 


MASS. 


point cutting, we are limited as to the maximum allowable chip 
velocity inasmuch as the metal must be cut at a faster rate in 
order to achieve a greater chip velocity; and this involves a con- 
tinuous'y increasing rate of energy dissipation at the tool point. 
While a cutting fluid represents one of the most effective methods 
of decreasing the coefficient of friction, it is necessary for the fluid 
to reach the tool point against the adverse work and chip ve- 
locities in order to be effective. Thus the speed at which a given 
cutting fluid ceases to be useful in decreasing chip-tool friction 
is usually influenced by its ability to penetrate to the tool point. 
From the foregoing brief discussion of single-point tools, it is 
evident that the following items of tool performance would be 
highly desirable when attempting to cut metal at a high rate of 
speed with long tool life: 


1 A large effective rake angle in so far as the shear process is 
concerned, but a small actual rake angle from the standpoint 
of strength and heat flow, 

2 Positive means for carrying the fluid to the tool point at 
high cutting speeds as in the case of a journal bearing. 

3 The possibility of increasing chip velocity without necessi- 
tating a corresponding increase in cutting speed. 


The ordinary inclined cutting edge, Fig, 1(b), as used in a helical 
milling cutter or the teeth of a broach, offers a means of ac- 
complishing the first objective. In this case the effective rake 
angle, in so far as the shear process is concerned, is greater than 

the actual geometrical rake angle that is of importance with re- 
However, a tool of this 
type does not satisfy the other two objectives. If the tool were 
to be moved in a direction parallel to the cutting edge as the 
workpiece advanced on the tool [slicing action, see Fig. 1(c)] we 
have a very simple means for accomplishing objectives 2 and 3. 
Fluid could then be absorbed on the cutting edge and be carried 
to the chip-tool interface as the tool advanced in a direction paral- 
lel to the edge. Also, it would be possible to increase the chip 
velocity largely independently of the work or cutting velocity. 


a b c 


Fie. 1 Compantson or Taree Basic Tyres or Cutrtine 


(a, Orthogonal tool. 6, Oblique tool. c¢, Tool with moving edge—slicing 
action.) 


The practical way of providing the sidewise motion of the tool 
is to use a continuous cutting edge in the form of the rotary 
tool shown in Fig. 2. Here, a particular portion of the cutting 
edge is in operation for a very brief period, which is followed by a 
much longer rest period during which the thermal energy as- 
sociated with cutting has ample oppertunity to be dissipated to 
the bulk of the cutter. In this respect the rotary tool resembles 
a multitoothed tool such as a milling cutter. 

By following a line of reasoning similar to that just outlined 
we were led to investigate the rotary tool to be described. How- 
ever, since undertaking this work, it has been learned that the 
idea of a rotary tool is not new, but that such devices have been 
used on oceasion for many years, in both positively driven and 
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self-propelled types. In this paper we will present an analysis 
of the rotary tool and indicate its relation to other more com- 
mon tool types. Representative performance data for both 
rotary and conventional tools will then be presented and dis- 
cussed. 


ANaLysis oF Rotary Too. 


If the diameter of a rotary tool is large compared with the 
depth of cut, which is usually the case, curvature of the cutting 
edge may be ignored. Therefore we may consider the linear- 
ized process in Fig. 3(a) for purposes of analysis. Here the cut- 
ting edge is normal to the work velocity Vj and moves in a direc- 
tion normal to V, with a velocity V,. The chip will be ob- 
served to flow off to the side as shown in the figure, with a ve- 
locity V,. This rather unfamiliar cutting process may be re- 


Fie.3 Rotary Currine Process as Onservep From Fix..p Point 
IN Space AND From Frxep Point on Toor 
(a, Rotary cutting process as observed from a fixed point in space. 6, Solid 
lines show kinematically equivalent cutting process as seen from a fixed 
point on tool.) 


duced to a much more common type by applying the kinematical 
device of re-examining the problem from a different vantage 
point. 

Instead of observing the operation from a fixed point in space 
as in Fig. 3(a), let us observe the process from a fixed point on the 
cutting tool. Such a picture may be obtained by simply trans- 
lating everything in Fig. 3(a) to the left with a velocity V,. This 
will bring the tool to rest, will cause the workpiece to move in an 
inclined direction with a velocity V, and will cause the chip to 
appear to flow off to the left rather than to the right, see Fig. 
3(b). 

The velocity of the chip across the tool face will be equal 
to V., which is the vector sum of velocities V, and V,. The solid 
lines in Fig. 3(b) represent the cutting process that is kinemati- 
cally equivalent to that in Fig. 3(a). This equivalent process is 
seen to be that of Fig. 1(b)—cutting with a simple inclined cut- 
ting tool. Thus one of the significant features of a rotary tool 
is to provide what is equivalent to an inclined cutting edge, the 

effective inclination angle a being given by 


The inclined cutting tool shown in Fig. 1(b) has already been 
considered in detail in a previous paper.‘ In the discussion of the 
rotary tool that follows, the same notation will be used and it 
will be assumed that the reader is familiar with the reference 
cited.‘ 


Curp-FLow Direction 


Just as in the case of an inclined cutting edge, knowledge of the 
chip-flow direction is very important. A view of a tool normal 
to the toot face is shown in Fig. 4. Here vector OC represents the 
absolute velocity of the chip, while vectors DC and OD are the 
rotational velocity V,, and the velocity of the chip relative to 
the tool V., respectively. The absolute chip-flow direction is 


rTOOL 
FACE 


A Cc 


Vr 
> Ve 


CHIP 
b | 

Fie.4 View Norma To Toor Face, SHowine 

Vectors Tat Lie in Face or Toor 


measured by the angle ¥ to normal OA, while the direction of the 
relative velocity vector is measured by angle 9, This latter 
angle is the more important one for it corresponds to the chip- 
flow angle of the equivalent oblique tool, and when 7, is known, 
then 


sin a, = sin 9, sin i + cos 9, cos i sin @,........ 
where a, is the effective rake angle measured in the plane of V,, 
and Fig. 3(b). 

Of the several methods of determining 7, that were considered, 
that which proved most satisfactory was one involving measure- 
ments of the width 6, and thickness ¢, of the chip, the width of 


«The Mechanics of Three-Dimensional Cutting Operations,”’ by 
M. C. Shaw, N. H. Cook, and P. A. Smith, published in this issue, 
pp. 1055-1054, 
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the workpiece b, and depth of cut ¢. From Fig. 4 it is evident 


DA V,—V. any 


ta = 
AO V. cos 


and that 
cos 


By virtue of the incompressibility 
= 
tion processes, we have 


= 


~ Combining Equations {1}, [3], [4], and [5] we have 


b 
tan 9, = tan ( 3 Senematic Diagram SHowmne Retative ARRANGEMENT 
or Worxptece ano Toot mn Fie. 5 

Thus determination of the angle 9, requires the chip thickness 
ratio (t./t), the chip width ratio (6/b,) and the angle of inclination 
1. Values of 6, may be determined by means of a measuring 

_ microscope while ¢, may be obtained with a point micrometer. a 
In order to study the manner in which the angle 7, varies with 
inclination angle 7, the arrangement shown in Fig. 5 was used. 
_ The workpiece was in the form of a tube, the relative arrangement 
of tool and workpiece being as shown in Fig. 6. The tool could 
be driven in either direction by means of a drill press. Several 
tool speeds could be obtained by means of a number of step pul- 
_ leys. The workpiece was mounted in a chuck attached to the 
horizontal milling-machine spindle, while the tool and its ac- 


i0 20 30 40 50 60 70 60 
i, Degs. 


Fie. 7 Variation or Cate Frow Anoie WirTn ANGLE oF 
INCLINATION 


cessory-drive equipment were attached to a special tool dy- 
namometer mounted on the milling-machine table. The dyna- 
mometer used was capable of measuring accurately the three 
components of force shown in Fig. 6, with no mutual interference 
Representative results are given in Table 1. Here, the chip- 
flow angle n, was computed by means of Equation [6], while the 
angle of inclination ¢ was obtained from Equation [1]. The chip- 
flow angle 7, is shown plotted against inclination angle i in Fig. 
7. It is evident that Stabler’s rule, Equation [1] which states 
that 9, = i, is in fairly good agreement with the experimental 


points 


Vevocity Re.ations 


As in the case of an oblique cutting tool, the normal shear angle 
is measured in a plane perpendicular to the cutting edge and 


= 


where a, is the rake angle measured in the same normal plane. 
Teer Apparatus ron Sruprme Cerrina Cuamacrenterice The direction of shear flow will be along a line in the shear plane 
or Rorary Toot that makes an angle 9, with a normal to the cutting edge 
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TABLE 1 REPRESENTATIVE ROTARY-TOOL DATA 


rake angle, an =~ 10 deg; tool dia 
1.81 in 


meter 2.5 in.; 


tool material = 18-4-1 high-«peed steel; mean work diameter (tube) = 


; work material, SAE 1015 steel.) 


mt 


ce 


ts 


ae, deg 


pai 
r, psi 107% 


pai X 1073 


tan cos 


~ Gy) 
tan), = 


tan 7, sin 
cos a, 


The expression for shear strain in a chip from a rotary tool is the 
same as that for a chip produced by an oblique tool. 


cot + tan (¢, 
cos 


(9) 


The several velocities involved with « rotary tool are as follows, 
Fig. 3(b) 


* absolute velocity of workpiece 
’, velocity of rotation. This is absolute velocity of tool 


r 


’ relative velocity between work and too! 


1 
= 


(10) 


4 V,, absolute velocity of chip; from Equation [5| 


bt 
= 
bt, 


5 V., relative velocity between chip and tool 
From Fig. 4 and Equations [3], [4], and [5] it is evident that 


t 


{11} 


6 V,, relative velocity between chip and workpiece. This 
vector lies in shear plane at an angle 9, (Equation [8]) with a 
normal to cutting edge, and has a magnitude that is given by 


cos cos 


t cos a, 
= 
cos 7, cos 


a,) t, sin @, cos 9, 


The effective shear angle @,, measured in the plane of the 
velocity vectors V and V., may be obtained from 


ery 


cos cos 


sin {13} 


cos cos a, 


where a, may be obtained from Equation 
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Fic. 8 Scnematic Diagram or Rotary Toot SHowine Positive 
Directions or Force Co-OrpinaTes 


Force RELatTions 


The forces were measured using the apparatus of Figs. 5 and 6, 
in terms of a set of force co-ordinates F,, F,, and F, as shown in 
Fig. 8. Here F, is along the cutting edge, F, is along the work 
surface and normal to the cutting edge, and F, is perpendicular to 
both F, and F,. It is more convenient to use the Fy’, Fy, Fy’ set 
of co-ordinates for purposes of analysis, where F,’ is in the F, 
direction, F is in the tool face and normal to the cutting edge, 
and Fy’ is perpendicular to both F, and Fy. The transforma- 
tion equations connecting these two sets of co-ordinates are as 
follows 


Fy =aF, + bP, 
Fy = a,F, + 
Fy = aF, + 


where the direction cosines are 


=0 
= cos a, 
b = —sin a, 


a =1 
a, =0 
a =0 


If 6, is the angle that the force in the plane of the tool face 
makes with the normal to the cutting edge in this plane (z’-axis) 
then 


F, 
—sin a,F, cos a,F, (15) 


"> Fluid Air Air Air Air Air Air Air ccCh oil Air Air a 
Ve. fpm 44.2 “4.2 “4.2 “2 119 119 119 42 4.2 44.2 119 
fpm 26.2 42.5 65.4 Os 75.4 118 174 42.2 42.2 0 
. m 0 0054 0.0054 0 0054 0 0054 0 0055 0.0055 0.0055 0.0054 0.0054 0.0054 0.0055 
in 0.195 0 192 0.191 0.191 0.191 0.191 0.191 0.191 6.191 0.191 0.191 
0.020 7 0.020 0.016 0.011 0.017 0.020 0.027 0.036 
ee 0 102 0.110 0.095 0.103 0 083 0 080 0.213 0.204 
136 125 170 195 145 175 0 0 
 « 355 280 210 260 300 562 625 
‘ 3M 355 200 195 210 250 562 725 
deg w.7 32.2 “4 4 55.8 43.9 43.9 0 
Ve, 22.6 6.8 82.: 110 
13.8 43 58.4 100 - 
V., fpm 46.5 124 135 137 
51.3 14 167 209 
= 30.5 45.2 53.5 
12.0 15.3 13.1 
23.6 32.7 37.2 
15.6 19.8 28 4 
147 19.3 26.5 
29.2 36.4 464 
1.21 1.33 1.70 5 
2 06.5 123.0 
73.6 “4 72 79.7 97.5 
3.97 3 68 i > 57 3 3.51 2.74 
473 436 656 417 471 
331 282 2 276 237 
142 234 407 141 234 
0. 30 0 35 0.47 09.71 0 0.34 0.50 
a, % 18 38 58 0 0 
WORK 
4 
| 
“7 
=0 


Likewise, the angle the force in the shear plane F, makes with 
the normal to the cutting edge is similarly found to be 
F, 
—sin >, F, — cos >,F, 


Angles ¢, and {, in Table 1 are the differences between the cor- 
- responding values of 7 and 6. The forces of interest are as fol- 
lows: 


1 The resultant force on the tool face R or on the shear plane 
R= R = (Fy)? + (Fy)? + (17) 
2 The component of force along the tool face F, 
F, = (Fy? + Fy?)'* = [F,* + (—sin a,F, + cos a,F,)*|'/* 
[18] 
3 The component of force normal to the tool face F,,, 
F,, = Fy = cos a,F, + sin a,F, [19] 
4 The component of force along the shear plane F, 
F, = [F,* + (sin + cos [20] 
5 The component of force normal to the shear plane F,, 
F,, = —sin ¢,F, + cos ¢,F,...........-[21] 
The coefficient of friction on the tool face will be 


as in the case of the oblique cutting tool. The shear and normal 
stress on the shear plane may be obtained as follows 


bt sin @, 


The specific energies are as follows: 


1 Friction energy per unit volume 


cos F, 


F, cos 
cos 7, bt, 


uy 


2 Shear energy per unit volume 


F, cos ¢,V, 


u = Ty cos 


bt bt ant 


The ratio of the power required to drive the tool to the total 
power is 


F, tani 
btu 


Discussion Or REsULTS 


The principal observed and computed values for a number of 
rotary-tool tests are given in Table 1 and Fig. 9. Some of the 
scatter in the curves of Fig. 9 is due to the fact that all tests are 


i, deg. i, deg 


Fic. 9 Variation or Principat Corrine Vartastes Wirn 
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not conducted at the same speed V,, and in two of the tests a 
fluid was used. However, it ix evident that the angle of incli- 
nation ¢ is the predominan: variable that controls the perform- 
ance of this tool. In two of the tests the tool was stationary 
The following general observations may be made regarding the 
performance of the rotary tool tested: 


1 The effective rake angle a, is seen to increase as the angle of 
inclination is increased by increasing the tool velocity V,. It is 
evident that effective rake angles of over 60 deg may be obtained 
with a rotary tool having an actual normal rake angle of but 10 
deg. 
2 The effective shear angle @, is seen to increase as the effec- 
tive rake angle increases, from a value of about 10 deg for the sta- 
tionary tool to a value of over 40 deg when the angle of inclination 
was about 70 deg. 

3 The resultant force in the shear plane F, is seen to be prac- 
tically colinear with the shear velocity vector V, for small values 
of inclination. However, the angle ¢,, which measures the angle 
between F, and V,, is seen to increase rapidly for values of i 
greater than about 30 deg. This observation is consistent with 
the results of a previous analysis‘ on an oblique cutting tool, 
where it was found that ¢, was insignificant for inclination angle« 
up to 30 deg. The angle ¢, between F, and V, was observed to 
vary more nearly linearly with inclination 1, both in this and the 
previous investigation. ' 
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4 The shear stress on the shear plane is seen to increase with 
i, while the shear strain decreases. This same paradoxical be- 
havior also has been observed for conventional oblique cutting 
tools,* and deserves further investigation, This matter will be 
discussed in detail in the following section. 

5 The coefficient of friction on the tool face is seen at first to 
decrease with increased inclination and then to increase. The 
minimum value of w appears to oecur at a value of ¢ of about 30 
deg. This result is also in agreement with the frietion charac- 
teristic of the previously mentioned investigation of a conven- 
tional oblique tool,‘ where ~ was observed to decrease for values 
of dup to 30 deg. 

6 The total energy per unit volume u has a minimum value at 
an inclination angle of about 45 deg. This minimum value is seen 
to be due to a tendency for the shear energy per unit volume wu, 
to decrease with increased 1 (due predominantly to the decrease 
in 7 with increased a,), while the friction energy per unit volume 
u, exhibits the opposite trend (due to the tendency for the co- 
efficient of friction to increase with increased a,). The friction 
energy begins to increase at a rapid rate with increased inclination 
at a value of ¢ of about 30 deg. It is at about this same value of 
i that €, ceases to be negligible, and it is believed that this is due 
to the fact that for higher values of inclination angle the shear 
process plays a less dominant role in the cutting process and gives 
way to the friction process. The steep increase in the {,-curve 
above 1 = 40 deg appears to be associated with the corresponding 
steep increase in the u,-curve and the gradual decrease in the 
ucurve, 

7 The quantity & is the ratio of the power required to drive 
For the 
'/; of the total power 


the tool to the total power in the rotary-tool process. 
tool investigated here (a, = 10 deg) about 
goes to drive the tool, while the remaining ?/; is consumed in 
driving the workpiece, when the angle of inclination is about 


Chip 
length, 


Inclination, 
deg 
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(a, Chips from rotary tool; length of cut, 12 in.; 
length of cut, 4 in.; 
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45 deg. From the afore-mentioned minimum points in the curves 
of u and y, it would appear that the optimum angle of ineli- 
nation is somewhat under 45 deg. Therefore a rotary tuvi should 
be operated with a surface speed V, just under that of the work 
speed V,, and the eapacity of the tool-drive motor should then 
be about one half that of the main spindle motor used to drive 
the workpiece. 

8 In the introduction it was suggested that one of the ad- 
vantages of the rotary tool might be a reduction in the coefficient 
of friction due to the increase in the velocity of the chip relative 
to the tool V., without at the same time making it necessary to 
increase correspondingly the work speed V,. The quantity 
V.,/V,, is a measure of this relative increase in chip speed, and it 
is evident in Fig. 9 that V../V,, increases with an increase in the 
inclination angle. However, the coefficient of friction does not 
decrease continuously with an increase in V,,/V,. The reason 
for this lies in the fact that large rake angles inherently give large 
coefficients of friction. 

As 7 increases above about 30 deg, the effective rake angle be- 
gins to increase rapidly, and neutralizes the beneficial effect asso- 
ciated with the increase in V./V,. Consequently, the coeffi- 
cient of friction reaches a minimum at a value in the neighbor- 
hood of 30 deg. Thus the advantage with regard to coefficient 
of friction associated with increased chip speed is tempered by a 
simultaneous increase in the effective rake angle. As soon as the 
coefficient of friction begins to increase with increased V, or 7, the 
larger values of V., cease to be advantageous and actually repre- 
sent a liability. The friction energy involves the product of 
V., and the coefficient of friction and will rise rapidly when both 
of these quantities begin to rise with increased i, The relatively 
flat portion of the u,-curve up to an inclination of about 40 deg is 
due io the tendency for the decrease in w with increased i to 
offset the corresponding increase in V.,. 
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Representative chips produced with a rotary tool and with a 
conventional oblique tool are shown together in Fig. 10 to facili- 
tate comparison. The similarity between the helical forms of 


both sets of chips is evident. The chip produced with a station- 
ary tool (¢ = 0) is seen to be very inferior to those produced with 
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tool rotation. The lengths of all chips in Fig. 10(a) correspond 
- to a 12-in-length of cut, and it may be observed that the chip 


length increases with inclination to a point somewhat above 45 
deg. The chip-length ratio of the longest chip is seen to ap- 


proach unity. 


Swear Srress - SHEAR Parapox 


As already mentioned, it has been found for both the conven- 


_ tional oblique tool and the rotary tool that the shear stress on the 


_ responding shear strain decreases. 


shear plane increases with increased inclination, while the cor- 
From this we might infer 


- that the material cut has a strange true stress - true strain curve 


is. 


with negative slope. 
tions must be sought. 

While strain is the variable that normally has the greatest 
influence upon stress in a given test, there are numerous other 
items that normally influence the subfracture flow stress of a 
piece of metal.’ These include (1) temperature; (2) rate of 
strain; (3) size of specimen. It can be shown that in metal cut- 
ting the effect of the shear-induced temperature on the shear 
plane is largely neutralized by the very large rate of strain that 
obtains. The higher the cutting speed (and hence the higher 
the rate of strain) the greater will be the temperature on the 
shear plane. The fact that these two variables have opposing 
effects upon flow stress tends to minimize the influence of tem- 
perature and rate of strain in metal cutting. Therefore it ap- 
pears unlikely that either of these two variables could be respon- 
sible for the afore-mentioned anomaly. 

The size effect involved in variation of the depth of cut has been 
shown to be of primary importance in metal cutting.*? In the 
present problem, however, the depth of cut is constant, and it 
would appear that a size effect is not operative. However, we 
may consider a new type of size effect, in metal cutting—a size 
effect associated with the thickness of the shear plane as opposed 
to the depth of cut. Motion pictures taken through the micro- 
scope clearly reveal that when a relatively hard metal is cut with 
a good fluid, the shear plane is sharp and at the same time the 
shear angle is large. Conversely, when a relatively soft metal 
is cut, the region of shear is irregular and thick and the shear 
In general, it is observed that the zone 
of shear along the shear plane decreases in thickness whenever 
@ increases, It is, therefore, conceivable that the shear flow 
stress associated with a metal cut with a high shear angle will be 
greater than that cut with a low shear angle since in the first case 
the shear zcae will be small whereas in the second case it is large. 
We might refer to this as a shear-volume type of size effect. 

Let us apply this idea to the stress-strain data of Table 1 and 
Fig. 9. In Fig. 11 points from the 7 and y-curves in Fig. 9 have 
been plotted for each 10 deg of inclination from 0 deg to 60 deg. 
The numbers beside each of these points refer to the correspond- 
ing values of @,. It may be seen that the points corresponding to 


This is most unlikely and other explana- 


angle is of course low. 


° The presence of normal stress on a shear plane has sometimes 
been considered to influence flow stress. While there is ample evi- 
dence in support of an increase in fracture strength with normal 
stress on a shear plane, the most reliable data available support the 
view that subfracture-flow stresses are independent of normal stress. 

*“A Quantized Theory of Strain Hardening as Applied to the 
Cutting of Metals,"" by M. C. Shaw, Journal of Apnvlied Physics, vol. 
21, 1950, p. 599 

7“The Size Effect in Metal Cutting,” by WR. Backer, E. R. 
Marshall, and MC. Shaw, Trans. ASME, vol. 74, 1952, pp. 61-72 


ROTARY CUTTING TOOL 1071 


the largest values of r were obtained at large values of @,. This 
is in agreement with the previously proposed shear-volume size 
effect. A number of true stress-strain curves have been drawn in 
Fig. 11, each one corresponding to a different specimen size (or 
value of shear angle @,). The dotted curve is what might be ex- 
pected from a conventional true stress-strain specimen of 0.505 
in. diam. 

In our previous work on size effect, the rake angle was main- 
tained essentially constant, and hence there was only a small 
variation in @ for the several test points. In this way the shear- 
volume type of effect was about constant, and the effect of depth 
of cut could be studied independently. It would now appear that 
the flow stress in metal cutting is not related to the shear strain 
on a single curve for two reasons in place of one. These are as 
follows: 


1 A-size effect associated with depth of cut, 
2 Asize effect associated with the thickness of the shear plane, 
which is largely controlled by the effective shear angle ¢,. 


Surface Errects 
Two of the tests of Table 1 were performed in the presence of 


fluids. In the first case carbon tetrachloride was applied to the 
tool just before it reached the cutting zone. The total energy 
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per unit volume in this case was less than that for the correspond- 
ing dry case as was the coefficient of friction. However, the 
results were not very spectacular. A thin amber-colored film 
was evident on the chips when using carbon tetrachloride, which 
appeared to result from a chemical reaction between fluid and 
chip. It would thus appear that the fluid was getting to the 
cutting zone and reacting. The failure of the results with car- 
bon tetrachloride to approach those obtained in very low-speed 
tests could be due to the failure of the chloride film to prevent 
the surfaces from coming into contact at the high temperatures 
obtaining at the speed of these tests. Ferric chloride has a rela- 
tively low melting point (600 F at atmospheric pressure) and 
hence should not be expected to be very effective at speeds that 
will give surface temperatures much in excess of this value. 

The second fluid used was a straight mineral oil. A large cloud 
of smoke resulted when this material was applied to the cutting 
edge. The total energy per unit volume was actually observed to 
be greater in this case than when a similar cut was taken in air 
This might be explained by the fact that the oil itself was an in- 
effective cutting fluid, and the large smoke cloud that resulted 
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from its thermal decomposition could have tended to exclude air 
from reaching the tool 

An interesting observation was made concerning the impor- 
tance of air in cutting with a rotary tool. When the tool was 
operated with V, << Vy and with a relatively large depth of 
eut, a wedge-shaped chip was produced such as that shown in 
hig. 12. One side of the chip was thin with a high shear angle 
), while the other side of the chip was much thicker and the shear 
angle @ correspondingly lower. Numerous cracks were evident 
along the thick edge of the chip, while the thin edge was com- 
pletely continuous. All observations indicated a lower coefficient 
of frietion at the thin region A than in the thick region B. 

It would appear that oxygen carried in by the tool reacts with 
the chip in the vieinity of A and produces a low-friction oxide film 
in this area, If the width of cut AB is sufficient, the available 
oxygen may be consumed by the time the tool reaches point B 
and high frietion (and hence low @) will result in this area. If 
the foregoing explanation of this wedge formation were correct, 
the direetion of the wedge should reverse when the direction of the 
tool is reversed. This was found to be the case. 

The degree of wedging was pronounced only at low values of 
inclination, At the higher relative tool speeds and smaller depths 
of cut the chip was relatively uniform in cross section, In those 
instances where a wedge-shaped chip was obtained, the mean 
chip thickness was measured using a point micrometer. 

The foregoing rotary-tool experience with air emphasizes the 
possibilities of the rotary principle as a means for introducing a 
The failure of the two tests to substantiate the 
expected advantage of the rotary tool in conducting fluids to the 
cutting area is not conclusive. More work with other fluids 
capable of operating at higher temperatures, such as the heavy- 
duty sulphur-bearing oils, is required before a firm statement can 
be made 


cutting fluid 


Te MPERATURES 


The chip-tool interface temperatures of stationary and rotating 
tools were determined by the chip-too! thermocouple technique. 
The workpiece which was in the form of a tube was insulated 
from the machine, and the connections made in the manner de- 
This work was done on a lathe, and 
A recording self- 
balancing potentiometer was used to record the emf generated, 


scribed in a previous paper.* 
the experimental setup is shown in Fig. 13. 


* The Effect of the Cutting Fluid Upon Chip-Tool Interface Tem- 
perature,” by M,C. Shaw, J. D. Pigott, and L. P. Richardson. Trans 
ASME vol 74. 1951. pp. 45-56 
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The equilibrium temperatures were the values recorded, and in 
most cases quite a long cut had to be taken before the values be- 
came constant. 

The results of this study are given in Fig. 14. Here it is seen 
that the temperature is a minimum at an angle of inclination of 
about 40 deg. This value corresponds approximately to those 
for minimum coefficient of friction and specific energy, Fig. 9. 
It may also be seen in Fig. 14 that a rotary tool operating at 
optimum speed may have a temperature that is as much as 400 
F lower than that for an equivalent stationary tool. This is a 
very significant decrease in temperature. 


ConciupinGc RemMarKs 


The rotary tool described herein is seen to be equivalent to an 
oblique cutting tool in many respects. In the case of the oblique 
tool, inclination is supplied to the tool geometrically, while in the 
case of the rotary tool it is introduced kinematically. The me- 
chanies of the two tools are practically identical. There are, 
however, certain significant differences between these two tools, 
the following items being peculiar to the rotary tool: 


1 A rest period during which time the cutting edge has an 
opportunity to cool and the adsorbed film of air or fluid has a 
chance to be replenished. 

2 The rotary tool provides a means of increasing the relative 
velocity between chip and tool without necessitating a corre- 
sponding increase in the rate at which metal is cut. 


Both the rotary tool and an oblique tool provide a greater ef- 
fective rake angle without weakening the tool by requiring a cor- 
responding increase in the normal rake angle. Both tools also 
provide means of controlling the direction of chip flow, which in 
some instances is of practical importance. 

From the tests that have been made using a high-speed-steel 
rotary tool having a 10-deg normal rake angle, it would appear 
that the inclination angle should be about 40 deg in order to oper- 
ate under conditions of minimum friction, total energy, and chip- 
tool interface temperature. This means that the surface ve- 
locity of the tool should be about 80 per cent of that of the work. 
Under this condition the power to drive the tool will be about 
one half of that required to drive the workpiece. Under opti- 
mum conditions the total power required for a given rate of cut- 
ting might be expected to be about 30 per cent less with a rotary 
tool than with the corresponding stationary tool, and at the same 
time the rotary-tool temperature might be expected to be some 
400 F lower than that obtained at the point of a conventional 
tool, Tn the case of machine tools that are underpowered for use 
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(Work material SAE 1015 steel; tool material, 18-4-1 high-speed steel; tool! 


diameter, 2.5 in.; rake angle, an = 10 deg.) 


with present-day tool materials, the rotary tool may provide « 
means of overcoming this difficulty by requiring less total power 
for a given cut, and at the same time providing a convenient 
means for increasing the total power available to the machine 
by about 50 per cent. 

The rotary cutting operation might be of practical interest in 
“those cases where a large volume of metal must be removed in 
“the shortest possible time. It would seem adaptable to large 
: planers and shapers as well as to rough-turning operations. In 

the latter application, it would be advisable to make the tool of 

carbide and reduce the diameter to a minimum in order to avoid 
chatter that might arise when the cutting edge is long. The 
2'/;-in-diam tool investigated here did not chatter, however, 
even when the width of cut was '/, in. 

We have not had an opportunity to determine the relative life 
of a rotary tool, but the tests that have been run would lead us to 
expect it to be at least two orders of magnitude higher than that 
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for an equivalent stationary tool, On one occasion, when ma- 
chining a tube of */\-in. wall thickness at 950 fpm and a feed 
rate of 0.005 ipr, a conventional high-speed-stee! cutting edge was 
destroyed completely in about 5 sec, while a rotary tool made 
from identical tool steel exhibited no signs of distress after eut- 
ting for several minutes, 

It is realized that more test work needs to be carried out on 
rotary cutting tools before their performance characteristics can 
be appreciated fully. It is hoped that others also will become 
interested in this device to the point of studying the life and 
efficiency characteristics of such tools with different rake angles 
using various cutting fluids. 
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Discussion 


RK. Haun.’ Some time ago the writer independently carried 
out some tests on this type of metal cutting."* It may be of some 
interest to compare the writer's results with those of the authors 

The writer has found it more convenient to measure the chip- 
length ratio instead of the thickness ratio as the authors have 
done, because the chips are not always smooth on the back side. 
The chip-length ratio is given by 


l. sin 
cos a) cosy 


Then, too, it is unnecessary to compute the angle 9, from 
Equation [6| of the paper, since this angle can be obtained di- 
rectly from the chip. As shown in Fig. 15, herewith, the direc- 
tion of the fine scratches on the burnished surface of the chip 
make an angle of (7, + W) in the authors’ notation or (6 + 6) in 
Fig. 15. By measuring these scratches with a microscope having a 
rotatable reticule in the ocular, it is a simple matter to obtain 1,. 

The writer's results also indicate the existence of force com- 
ponents on the tool face and shear plane as evidenced by the 
angles €, and ¢,. The authors are to be congratulated on their 
recognition of forces acting at right angles to the direction of 
relative motion on the shear and tool-face planes—a fact not 
generally appreciated. 

Although the writer used tungsten-carbide cutters with 10 
deg rake, the minimum in friction coefficient at 1 = 30 deg, and 
the rise in shear stress were observed likewise. 

It may be of some practical interest, in rounding out this ex- 
cellent paper, to present some tool-life data accumulated on this 
type of tool. It can be said safely that tool life is many times 
that of conventional tools, even at high cutting speeds. Fig. 16 
herewith shows the distance traveled to failure plotted against 
cutting speed. These data pertain to */,-in-diam tungsten- 
carbide right circular cylinders where the end of the cylinder 
was used as the rake surface. These cylinders, when mounted 
in suitable holders, were used to cut on an &-in. log in a lathe, 
the traction of the chip itself across the end of the cylinder, 
causing the tool to rotate. The outstanding life will be seen 
easily by comparing the solid curves (wherein the cylinders were 


® Research Engineer, The Heald Machine Company, Worcester, 
Mass. Mem. ASMP. 

“On Napier's Metal Cutting Process,” by R. 8. Hahn (to be 
published). 
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permitted to rotate) with the dashed curves (where the cylinders 
are held stationary ). 


Although James Napier in 1868 did not have the materials 


and equipment we have today, he foresaw the great advantage 
and important commercial possibilities of this type of tool 
The authors, in analyzing and presenting the features of this 


type of cutting, are to be commended not only for its research — 


value but for its important possible commercial value 

WK. In the conclusion, the authors invite 
others to participate in the study of the rotating tool. In a 
way we already have anticipated this invitation 
conceived and the work was done by Mr. Wilbur H. Moore who 


The idea was 


graduated in 1951 from Cornell as a mechanical engineer and 


who is now an Ensign in the United States Navy 


In 1949 
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Fie. 17 Rotatinc Toot ror Typewriter 
PLATENS 
(From patent survey, carried out in connection with W 
Cornell 1951.) 


TUBULAR 


H. Moore's project, 


Fic. 18S) Expertmentat Cirevtar Toor, Useo ny W. H. Moore 


Mr. Moore presented to the writer the idea of a rotating circular 


cutting tool as the subject for his “fifth-year project.”” A patent 
survey and the experimental and theoretical work were done 
through the period March, 1950- May, 1951, and the report was 
completed in June, 1951. Mr. Moore’s approach and the 
methods employed differ somewhat from those described in the 
paper, and he also presented some aspects of the problem not 


covered there. A brief extract follows: 


A Srupy or tue Appiication oF A Roratine, 
Currer To THE CREATION OF SuRFACES OF REVOLUTION AND 
Orner Surraces, By Witpur H. Moors, BME 


Out of a discussion of using the common friction-type band 
saw for the generation of various surfaces arises the possibility 
of replacing the flexible saw blade by a circular wheel. This, 
when rotated at high speed, may be used as a friction cutter, or 


' Professor in Charge, Department of Materials Processing, 


Cornell University, Ithaca, N.Y. Mem. ASME 


Fig. 19 Crrevutar Toor as a Larne Toor 


modified, with no teeth, as a rotating shearing cutter, or without 
rotation, as an ordinary cutter which may be indexed, when 
dull, to present a new sharp edge. If used as a rotating shear- 
ing cutter, there is the severing effect of the sawtooth edge which 
the cutter would have even if ground as a toothless cutter, plus 
the effect of rotation on the frictional forces acting on the chip. 
Several variations of this idea exist. One! is used for the 
trimming of platens for typewriters and is a slightly flared tube 
rotating about a vertical axis, the upper edge of which is 
sharpened, Fg. 17 of the discussion. The experimental cutter 
is shown in Fig. 18. Its peripheral surface is ground to form 
two cones (angles a and 6) in order to save grinding when re- 
sharpening (this detail is omitted in the following illustrations). 


12U. S. Pavent No. 2,061,581, W. A. Lippincott: Apparatus for 
rimming cylinders. 
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_ In Fig. 19 is shown the tool mounted on a lathe, an arrangement 

which can be modified by terminating the shaft at the face of the 

cutter, and by varying the angles @ and @ in either direction. 

; It is evident that this tool also can be used with planers, shapers, 
and the like. 

Fig. 20 illustrates four sections A-B-C-D through the work and 

the cutting tool, each at right angles to the cutting edge The 


Se 
-C-D rs 


Fic. 20) Crreutar Toot Ox-Center Position, Wrrnoutr 


Position 


Fie. 21) Crrevtar Toor, SHown tn Various Retations To CentER 


Heicut 


characteristic angles, when measured in planes perpendicular to 
the cutting edge, remain the same from A to D, but the cutting 

_ speed varies along the line of contact from plane A to plane D. 
The maximum cutting speed, measured on the work, occurs at A, 
the minimum cutting speed occurs at D. The tool velocity is 
constant for all points along the edge, but the relative speed 
a between work and tool varies, in size and direction, from A to D. 
It will come closest to the vertical at A, and it will deviate most 

} from the vertical at D. Marks on the machined surface, owing to 

_ imperfections in the tool edge, will follow lines of relative velocity 

at D. 

7 If the position of the cutter is shifted in a vertical direction, 
_ movement upward will result in a decrease in the relief angle and 
an increase in the rake angle; moving it downward results in 

changes in the opposite direction. It is obvious that vertical 

; -movement has the same effect as changing angle @ in Fig. 19, 
7 which may simplify the design of the tool-holding device. Vari- 
ous positions are shown in Fig. 21. Position A is selected so as 
to have one value of relief angle equal to zero. This is the case 
for point ¢, which is equivalent to section D in Fig. 20, in other 
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words, that point of the cutting edge which is cutting on the 
smallest diameter. Position A is, therefore, the extreme upper 
position where cutting still is possible. It is evident, however, 
that at point d the relief angle has not been reduced to zero, so 
there is a considerable variation in relief angle along the are 
from point d to point c. By tilting the tool the angles will be 
changed. A tool in a tilted position is shown in Fig. 22, and in 
Fig. 23 are shown the four sections A, B,C, and D, clearly 
indicating the changes in angles. For the tilted position shown 
the rake angles are increased and the relief angles are decreased, 


Fie, 22. Toot Tivtrep Position 


Fic. 23) Brrect or Trvt on Rake anp Revier ANGLES 

The cross section of the cut has a characteristic comma-shape, 
as shown in Fig. 24. Consideration of chip form and chip for- 
mation leads to the question of direction of rotation, and two 
different and independent viewpoints may be represented. 

One way of determining the direction of rotation is derived 
from the chip form; for reasons of cooling the cutter should 
rotate from points of large chip thickness to points of small chip 
thickness; when applied to Fig. 24, this means counterclockwise 
rotation. 

The other viewpoint for choosing the direction of tool rotation 
can be applied to a tilted cutter and consists in a consideration 
of chip flow. If a tilted tool is cutting without rotation, the chip 
will show a tendency to flow “down hill,” that is, to approach 
(but not necessarily to coincide with) the direction of maximum 
slope of the tool face. In order to facilitate the chip flow in the 
best possible manner, it may be expected that the direction of 
rotation should coincide with this down-hill direction. 

The chip strikes the tool with a higher velocity at section A, 
Fig. 22, then at section D. Consequently it will curl, and there 
will be a tendency to compress the thicker edge of the chip while 
the thinner edge will be under tension. 

The experimental work was done on a gear-hobbing machine. 
This machine was selected because it offers, without alteration of 
any kind, all the feeds, angles, and directions required. The 
choice of speeds is somewhat restricted which, however, was of 
minor importance for the present project, aimed, essentially, at a 
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The setup is shown in Fig. 25 
chases teristic ponede a a chip taken in aluminum is shown in 
The frayed edges indieate the tension in the chip, as 
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Fie, 2 UCED IN xX PERI- 


28) Crips From W. H 


explained before, and chip surfaces show lines of relative velocity 
A chip, from a light cut, is shown in Fig. 27; the difference be- 
tween the thin edge frayed by tensile stresses (upper part of the 
illustration) and the thick edge, exposed to compression, is evi- 
dent. Some tests were made on cast iron, and a sample of the 
chips is shown in Fig. 28. 

The writer wishes to join in well-deserved compliments and 
congratulations to the three authors. 


Avctuors’ CLost re 


The authors wish to acknowledge the contributions to the art 
of rotary-tool design and performance contained in the discussions 
of Dr. Hahn and Professor Henriksen. Several interesting ideas 
are presented in these discussions but it does not appear that any 
additional comment on our part is necessary. - 
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By G. 


The ability of a cutting fluid to reduce the temperature 
at the chip-tool interface in the machining of metals is of 
utmost importance to long tool life. This ability depends, 
in part, on the heat-transfer properties of the fluid. This 
paper describes a simple technique for evaluating the heat- 
transfer properties of fluids. An alternating current of 
about 50 amp heats the walls of a length of stainless-steel 
hypodermic tubing while fluid is forced through it at a 
constant rate. Thermocouples brazed at intervals to the 
outside of the tube wall measure the wall temperature 
from which heat-transfer data are derived. 


INTRODUCTION 


CHALLBROCH, Schaumann, and Wallichs (1)* measured 
tool life as a function of chip-tool interface temperature 
in dry cutting with high-speed steel tools and found that 

tool life varied inversely as approximately the 20th power of this 
temperature. M.E. Merchant (2) and M. C. Shaw and his co- 
workers (3) have reported that coolants reduce the chip-tool 
interface temperature partly by reducing the friction between 
chip and tool and partly by direct transfer of heat. Reducing 
chip friction against the tool not only reduces frictional heat at 
this point, but, by raising the angle of the shear plane, also 
lowers the amount of heat produced in plastic flow of metal at 
the shear plane. On the other hand, the heat-transfer properties 
of the fluid provide direct cooling of tool, chip, and workpiece. 
For cutting-fluid development purposes it is desirable to meus- 
ure, or at least, to compare the heat-transfer properties of the 
fluid separately from the friction-reducing properties. The fact 
that tool life is so significantly influenced by small temperature 
differences, furthermore, makes it desirable that the apparatus 
used to measure heat transfer be capable of a high degree of sen- 
sitivity. 

Measurements of the heat-transfer properties of cutting fluids 
made in the past (4) have not been very sensitive—not sensitive 
enough, for example, to distinguish between various water- 
soluble cutting fluids in recommended dilutions and at tempera- 
tures approximating workpiece temperatures in the machining of 
metals with coolants 

A stainless-steel tube heated by passing an alternating or direct 
current along it makes an excellent and easily measured source of 
heat flux. The temperatures of its wall are easily measured by 
brazing fine-wire thermocouples to it. When fluids are pumped 
through such a tube to remove heat, the walls are not corroded 
nor is the flow of fluid disturbed in an irreproducible way by wall 
irregularities. For these reasons, stainless-steel tubes have been 
used in this way in many previous investigations of heat transfer 


1 Research Chemist, The Cincinnati Milling Machine Company. 

* Numbers in parentheses refer to the Bibliography at the end of 
the paper 

Contributed by the Production Engineering Division and the 
Cutting Fluids Research Committee and presented at the 
Annual Meeting, Atlantic City, N. J.. November 25-30, 1951, of 
Tue American Soctety or Mecnantcat ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual! expressions of their authors and not those 
of the Society. Manuscript received at ASME Headquarters, 
August 13, 1951. Paper No. 51—A-40. 
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(5, 6), The tube used in the present investigation was selected 
to give high sensitivity. 


Fig. 1 shows the apparatus used in this study of the cooling 
properties of cutting fluids. A stainless-steel tube A, enclosed in 
a box to shield it from air currents, is heated along a portion of 
its length by passing a heavy alternating current through it. The 
fluid to be evaluated is pumped at a constant flow rate from a 
amall tank by a metering pump C, through a copper coil im- 
mersed in a constant-temperature bath D, through tube A to 
drain. The tube-heating power is controlled by a single knob B 
Tube A is shown in detail with its attached thermocouples in 
Fig. 2. 


Fic. Apparatus ror Heat-Transrer Prorerties 
or Curtine Fiuips 


(A, Heat-transfer tube; B, tube heat control; C, metering pump; D. con 
stant-temperature bath.) 


HEAT TRANSFER TUBE 
®@®®® 


Fic. Heat-Transrexr Tuse Detar 

This heat-transfer tube is a 36-in. length of 12-gage stainless- 
steel hypodermic tubing (0.109 in. OD X 0.012 in. wall) with 
fine-wire copper-constantan thermocouples (B & S 30 gage, 
0.010 in. diam) !orazed to its outside wall at 3-in. intervals as 
shown in Fig. 2. Since the wires are large for the wall thickness, 
the junctions an! wires are well wrapped with Fiberglas tape to 
minimize heat lows» The emf is measured with a portable 
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Ce supplemented with a 12-point thermocouple 
switch and an ice-point junction, The leads supplying the heat- 
ing current are 0.25-in. copper rod brazed to the center 27 in. of 
the tube. This section has an electrical resistance of approxi- 
mately 0.22 ohm. In the end sections there is no heat input, 
and so the couples measure the input and outlet temperatures of 
the fluid itself. The alternating-current supply consists of a 2-kw 
continuously variable autotransformer feeding a stepdown trans- 
former with a secondary winding rated at 100 amp and 18 volts. 
Power is measured with a large-scale voltmeter and a large-scale 
Although direct current has been used by other investi- 
gators (5) for tube power, its use produces stray emf in the 
thermocouple circuits for which corrections are difficult to make. 
No insulation is used on the tube since the heat loss to the air is 
slight, ie., less than 1.5 watts for aqueous cutting fluids under 
the conditions of the test used. 

From a reservoir of 1 gal capacity, the fluid under test is 
metered to the constant-temperature-bath coil and then to the 
tube by means of a Zenith No. 5, type B, metering pump driven 
through lathe-change gears to give precisely 6.63 cu in. per min, 
13.25 cu in. per min, or 19.85 cu in. per min. The constant- 
temperature bath is a conventional type designed for kinematic- 
viscosity measurement, Set at 90 F + 0.1 F, it has ample 
capacity to maintain fluid-input temperature within a few tenths 
of a degree Fahrenheit, 


ammeter. 


Resuuts or Tests 

The results of a test are interpreted graphically, using the 
differences between input temperature and the tube-wall tem- 
peratures as ordinates and the distances along the heated section 
of the tube as abscissas. Since the heat input W per unit length 
of tube is uniform, the bulk temperature of the fluid rises almost 
linearly with distance along the tube, By “bulk temperature” 
is meant the average temperature of the fluid which would result 
if the. flaid flowed into a mixing chamber at this point. The 


over-all temperature difference At at any point is the tube-wall — 


temperature less the bulk temperature of the fluid at that point. 


The over-all heat-transfer coefficient A at any point is heat-flux — 


density divided by temperature difference or 


heat input (watts < 3.413) 
tube-wall area (aq ft) X Al (deg F) 
watts X 3.413 67.6 W 


h (Btu /hr sq ft deg F) = 


x At (deg F) 


\ setting which provides satisfactory sensitivity for a wide 
range of fluids is 365 watts for the tube power and 13.25 cu in. per 
min for the flow rate, 
fps. Typical results are shown in Table 1 and Figs. 3, 4, 5, 6, 
and 7 

In Figs. 3 and 4 and Table 1 it can be seen that aqueous cut- 
ting fluids have heat-transfer coefficients significantly different 
from water for a given set of operating conditions. In general, 
heat transfer improves with dilution, but one aqueous cutting 
fluid may be a considerably better heat-transfer fluid than an- 
other at the same dilution. Part of the difference is due to oil 
content but viscosity differences are probably equally important. 
Fig. 5 shows two cutting oils both having viscosity of 100 SUS 
at 100 F, but showing differences in specific heat, as indicated by 
differences in the bulk temperature at the outlet, and an average 
over-all heat-transfer coefficient, differing by about 20 per cent, 
as indicated by the tube-wall temperature differences. Fig. 6 
shows similar differences in two nonpetroleum heat-transfer oils, 


and Fig. 7 shows the characteristics of Stoddard solvent, a low- 


TRANSACTIONS OF 


This corresponds to a bulk velocity of 3.21 
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TABLE 1 HEAT-TRANSFER PROPERTIES 
(13.25 eu in, per min and 365 watts heat input) 


A, over-all 


tube-wall 
temperature 
Fin 27 in., deg F 


9 in. from input, 
itu/br 


Water dispersion, 1:50 utting fluid A 
Water dispersion, 1: 10 cutting fluid A 
Water dispersion, 1:15 cutting fluid B 
Water dispersion, 1:15 cutting fluid C 
Cutting oi B (100 SUS at 100 F).... 
Cutting oi! A (100 SUS at 100 F).. 
Nonpetroleum heat-transfer oil A. 
Nonpetroleum heat-transfer oil B.. 
Stoddard solvent 
Stoddard aoty ent 10 per cent, water 90 per 
cent (o-w)* 
Stoddard pl wi 10 per cent, water 90 per 
cent (w-o)* 
* (o-w) is predominantly oil-in-water-type emulsion. 
dominantly water-in-oil-type emulsion, 
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(Apparent advantages of C as a coolant are largely offset by its instability as 
an emulsion.) 


inches 


viscosity, high-boiling-point naphtha. Fig. 7 also shows the 
characteristics of two emulsions prepared from Stoddard solvent 
each containing 10 per cent Stoddard solvent and 90 per cent 
water, but one oil-in-water type and the other water-in-oil type. 
Despite the fact that the water-in-oil-type emulsion had a con- 
sistency comparable to whipped cream, its heat-transfer proper- 
ties more closely resembled those of water than those of Stoddard 
solvent. 

It is of interest to note that most of the curves of tube-wall 
temperatures shown in Figs 3 to 7 appear as two straight lines 
joined by a connecting curve, The straight-line portion at the 
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inlet end of the curve represents streamline flow, the final straight 
line, turbulent flow, and the connecting curve a transition region. 
The characteristic shape of these curves remains the same for all 
three flow rates and over a wide range of power inputs which 
avoid boiling conditions 


CONCLUSIONS 


It is evident that with the present instrument it is possible to 
demonstrate and measure significant differences in the over-all 
heat-transfer coefficients of dilute aqueous cutting-fluid mixes as 
the concentration is changed. Furthermore, the instrument is 
able to show significant differences in the heat-transfer properties 
of apparently similar water-soluble cutting fluids at a given 
dilution, 

Of particular interest to those concerned with metal cutting are 
the large differences in the relative cooling abilities of cutting 
oils in comparison with water-base cutting fluids. Although the 
specific heats of oils are only about one half that of water, the 
heat-transfer coefficients for cutting oils are only about one sev- 
enth that of water, or of cutting fluids containing larger percent- 
ages of water. 

The long tube used in the present instrument makes it possible 
to obtain a complete picture of heat transfer in both the stream- 
line and turbulent regions, over a wide range of temperatures 
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Discussion 
- Tr 
B. T. Cuao' ano K. J. Triccer.* With the arrangement of the 
jheat-transfer tube used by the author, conduction losses due to 
the two end sections of the hypodermic tubing and due to the 
two heavy copper leads may become appreciable. In fact, this 
is reflected in the characteristic dip of the tube-wall temperature 
at a point farthest from the fluid-inlet end, Figs. and 7 of 
the paper. The rate of heat loss actually can be calculated from 
the Fourier equation of conduction by finding the slope of the 
temperature-distance curve at the two ends, 

The author indicates that the “local” heat-transfer coefficient 

can be evaluated by the formula’ h = 67.6 W/At. From the 
7 of the paper, it is 


5, 6, 


temperature-distance plot given in Figs. 3 to 7 
evident that At varies from point to point along the length of the 
tube. Consequently, h also varies accordingly. Under such cir- 
cumstances it is doubtful that the bulk temperature of the fluid 
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* In this equation, W should be the electrical input in watts over 
27 in. length of the tube, but not the heat input per unit length of the 
tube as the author has defined. 
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will vary linearly with distance along the tube. The tabulated 

values of h given in Table 1 of the paper are calculated at a point 

9 in. from the inlet and which is just as arbitrary as any other 

It is hardly justifiable to consider these individual local 

values as a fair representation of the cooling property of the vari- 
ous cutting fluids. 

There are numerous factors which contribute to such a wide 
variation of heat-transfer coefficients for a given fluid at a given 
mass rate of flow. They are, among other things, the change of 
viscosity and thermal conductivity of the fluid with temperature 
and, most important of all, the change in flow pattern as the fluid 
traverses along the tube, This latter factor has an important 
bearing on the mechanism of heat transfer 

This method of evaluating the heat-transfer coefficients by 
forcing the fluid through the stainless-steel tubing is useful in ob- 
taining data. for apparatus of a similar flow pattern. The writers 
squestion that it will yield really useful data for the cooling prop- 
erty of cutting fluids. 

The bulk of the fluid applied during a cutting operation trav- 
erses the cutting orbit without much change in temperature. 
Some of the fluid, however, comes in contact with the high-tem- 
perature zone and it is subjected to such effects as evaporation, 
volatilization, viscosity changes, and so on, due to high tempera- 
tures. While the proportion of fluid being so affected may be 
relatively small, the occurrence of such effects may be significant. 
Problems of the effect of cutting-fluid temperature on cooling 
power, the formation of barrier films, the vapor-phase effects 
among others, may bear an important relationship to cutting- 
fluid performance, 

It »s the writers’ opinion that such properties should be evalu- 
ated under conditions which closely simulate those existing during 
actual cutting operations. 
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RK. 8. Haun.* This paper represents a start in the right direc- 
tion to discover the important qualities involved in cutting 
fluids. There are several points which are not clear to the writer 
For example, it appears that the temperature of the incoming and 
outgoing liquid is read by thermocouples on the OD of the tube 
at the ends which are unheated. If so, in view of the fact that the 
thermal diffusivity of the fluid is generally very small « = 0.001 
em? per sec compared to stainless steel x = 0.05 cm? per sec, it 
would seem that large temperature gradients might well exist be- 
tween the tube and the liquid. Furthermore, what would pre- 
vent heat conduction along the tube into these unheated regions? 

Another point not clear is that the heat-transfer coefficient 
apparently is computed for the full 27-in. length of tube (assum- 
ing a constant temperature difference At along the tube), but is 
recorded in Table 1 at 9 in, from the input end. 

It is obvious how the heat-transfer properties of the coolant 
may be important in removing heat from the tool and workpiece 
(for instance, to maintain dimensional accuracy). However, it is 
not clear how the cooling effect of the fluid acts to reduce the chip- 
tool interface temperature by direct heat transfer as the author 
stated, Presumably the fluid bathing the top surface of the chip 
as it leaves the shear zone al stracts heat from the chip, but at 
normal cutting speeds (300 fpm) it may be shown that this cooling 
must occur after the chip is well past the shear zone and has 
passed over the tool face. Wilson’ has shown the temperature 
distribution in a strip moving from a hot region into a cold region. 
This strip might well be considered as a chip leaving the work and 
being cooled by cutting fluid. He shows that the temperature 
falls approximately as 

* Research Engineer, The Heald Machine Company, Worcester, 
Mass. Mem. ASME. 
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where V is the velocity (em per sec) and « is the thermal diffu- 
sivity (em? per sec). If we take V = 150 em per sec and x = 
0.10 em? per see it will be seen that on a microscopic basis the fall 
in temperature is very slow. It would be interesting if the author 
would show how direct heat transfer from the chip to the fluid 
will reduce chip-tool interface temperatures, 


M. C. Suaw.* The importance of tool temperature upon tool 
life has been demonstrated in reference (1) of the paper. The 
temperature referred to in this work is, however, the mean chip- 
tool interface temperature, as opposed to the mean temperature 
of the entire tool, or the mean temperature of the workpiece. 
The temperature of the chip-tool interface will be altered a negli- 
gible amount if the fluid merely cools the tool in bulk. This is 
evident in Fig. 11 of reference (3) of the paper, where it is seen 
that when the fluid does not have time to penetrate to the zone 
of heat dissipation, because the cutting speed is too high or the 
depth of cut (and hence the contact area between chip and tool) 
is too great, the fluid has little effect upon the chip-tool interface 
temperature. To he really effective a coolant must penetrate to 
points that are close to the areas where heat is being dissipated, 
i.e., close to area A or B in Fig. 8 of this discussion. Other- 
wise the thermal energy dissipated along the shear zone A or 
along the tool face B will flow into the main body of the tool or 
workpiece before it can be absorbed by the fluid. The speed with 
which a coolant can penetrate between chip and tool C and be- 
tween tool and finished surface D and form a continuous film is 
extremely important in cutting-fluid action. Once such a film 
is formed, the heat-transfer film coefficient and the specific heat of 
the fluid play important roles. ; 


Kia. 8) Senematic View or Partiatty Formep Cur 
‘A and B are the principal areas where heat is generated, while C and D 
are the regions where fluid penetration must occur for effective 
cooling action.) 


The apparatus described by the author provides a means for 
comparing the cooling properties of a fluid (heat capacity and 
heat-transfer coefficient) under conditions that provide “complete 
contact”’ between the metal surface and the fluid. Under such: 
conditions water is found to be a better coolant than a water-b:-~« 
cutting fluid, and a cutting oil is found to be only one seventh as 
effective as water, even though the ratio of specific heats of these 
materials is one half. These observations suggest that both the 
water-base fluid and the cutting oil contain surface-active agents 
that are metallophilic in nature and hence cause a decrease in 
the heat-transfer film coefficient. The fact that the viscous 
water-in-oil emulsion of Fig. 7 of the paper exhibited cooling 
properties that were superior to those for the nonviscous oil-in- 
water emulsion is further evidence of the importance of a surface- 
active agent in a coolant, since emulsifiers that produce water-in- 
oil emulsions are usually metallophilic while those that are used 
to produce oil-in-water emulsions tend to be metallophobic. 
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The important speed of film formation is not evaluated by this 
test. While pure water has the best cooling capacity of any fluid 
when it is in complete contact with a heated metal surface, its 
film-forming tendency is poor relative to most other materials, 
Since cutting oils have a tendency to spread over a metal surface 
more quickly and more completely than does pure water, it is not 
surprising to find oils providing superior cooling performance in 
some instances despite the adverse 1 to 7 cooling ratio of oil rela- 
tive to water. The question of whether an oil or water-base 
fluid offers the best cooling characteristics is a popular one and 
frequently enters discussions involving cutting fluids. There 
seems to be good production experience in support of both points 
of view. It would appear that water-base fluids can be provided 
with surface-active agents that have a strong enough tendency 
toward film formation to render them better coolants than oils 
It would appear further that all water-base fluids are not so 
endowed and thus, in some instances, may exhibit cooling charac- 
teristics in cutting that actually are inferior to those for oils. 

The author's test conditions also differ from those in actual 
practice in another important way. The test heat-transfer con- 
ditions are actually quasistatic relative to the conditions found in 
a cutting operation. In turning, the time available for heat 
transfer is measured in milliseconds and in grinding in micro- 
seconds. In the present test the time required for the fluid to 
flow from one end of the tube to the other is close to 1 see. This 
temporal difference between test and actual conditions would be 
important if the heat-transfer conditions were influenced by a 
phase change of a constituent of the cutting fluid; to be more 
specific, crystalline waxes which have a latent heat of fusion some- 
times have been added to fluids in order to promote good cooling 
The idea behind this action is that the wax particles will melt upon 
coming in contact with the hot surface, thus absorbing an amount 
of thermal energy equivalent to their latent heat of fusion. The 
latent heat that is thus absorbed augments the specific heat of the 
fluid to provide improved cooling characteristics. Now, it 
takes a significant time for wax to melt, and since there is a con- 
siderable difference in the time constants for the author's test and 
the cutting process, there is real danger in concluding that the 
wax will operate in the foregoing manner in practice even though 
it can be demonstrated that it has a real influence in promoting 
heat transfer in the author's apparatus. 

The author attributes the change in slope of the temperature 
curves to a change from laminar to turbulent flow. If we com- 
pute the Reynolds numbers for the case of water flow in Fig. 3 of 
the paper, we find the following values at the beginning, middle, 
and end of the tube: 2660, 3520, and 4400 (based upon kinematic 
viscosities of 0.86 10°*, 0.65 10°*, 0.52 sq ft per see 
at these three points, respectively). From this we might con- 
clude that the flow in this case is turbulent all the way since the 
critical value of Reynolds number is usually from 1000 to 2000. 
If we make similar calculations for the data in Fig. 5 of the paper, 
we find the following values of Reynolds number at the beginning, 
middle, and end of the tube: 68.2, 309, and 739 (based upon the 
following assumed values of kinematic viscosity: 33.5 * 10°°, 
74 X 10°, and 3.1 & 10°* sq ft per sec, which are reasonable 
values for a 100 sec oi] at 100 F at the temperatures obtaining). 
These values of Reynolds number indicate laminar flow at all 
points. Since a discontinuity appears in both the curves for 
water and oil despite the values of Reynolds number pertaining, 
it would appear that the change in slope that is evident in the 
several curves is not due to a change from laminar to turbulent 
flow. 

When a fluid enters « tube, it must flow a considerable distance 
down the tube before the velocity distribution across the tube is 


developed fully. 


This distance one must go downstream before 
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the flow is fully developed is called the “transition length,’”’* 
The fluid at the entrance to a tube has a uniform velocity distri- 
bution across the tube, which gradually changes to a parabolic 
velocity distribution in the case of laminar flow, or a velocity dis- 
tribution that is between that for uniform flow and a parabolic 
distribution in case the flow ix turbulent when transition is com- 
plete. The transition length-to-diameter ratio has been esti- 
mated by Langhaar to be about 0.058 (Reynolds number). 
From this we might estimate the transition length to be (0.0855) 
(0.058) (3520) for the case of water in Fig. 3 of the paper, or 
roughly about 17.5 in., which is in reasonable agreement with the 
location of the break in the curve for water in Fig. 3 

It ix evident in Fig. 3 that the initial slope of the curve is less 
steep than the slope of the curve beyond the transition point 
This may be explained by observing that the flow in the first part 
of the tube is more nearly uniform and less turbulent than that in 
the second pari of the tube where turbulence is developed fully 
Thus it would appear that the change of slope observed in the 
curves in Figs. 3 to 7 of the paper are associated with the transi- 
tion length required for the flow to become fully developed and 
not due to a change from laminar to turbulent flow. It would 
appear further from the values of Reynolds number presented 
previously that the fully developed flow is laminar in the case of 
oi] but turbulent in the case of water. Since heat-transfer charac- 
teristics of a fluid are known to be significantly different for lami- 
nar and turbulent flows it does not seem that the comparison 
made between the oil and water-base materials is on a firm basis. 
It would have been better to compare the heat-transfer charac- 
teristics of the fluids investigated at more nearly equal Reynolds 
numbers and to ignore the portion of the data in the region where 
the flow was not fully developed. 

In conclusion it should be stated that the author has presented 
an interesting means for comparing the cooling properties of 
fluids. However, considerable care must be exercised in inter- 
preting the data obtained by this procedure. In making com- 
parisons between tests the Reynolds number should be con- 
sidered, It must be kept in mind that the speed of film forma- 
tion, which often is at least as important as the heat-transfer 
characteristics of the fluid in cutting-fluid cooling action, is not 
included in this test. Furthermore, the time constant of this 
test is entirely different from that in practical cutting operation~ 
Owing to the several important differences between the condi- 
tions found in cutting and those of the author's test it would ap- 
pear that the relative cooling characteristics of cutting fluids may 
not be predicted from this test alone 
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Professors Chao and Trigger have raised several questions. 
First, consider the problem of conduction losses at the ends of the 
tube. This problem was recognized by the author in Figs. 5, 4, 
and 7 where it can be seen that the points corresponding to loca- 
tion 10 of Fig. 2 are not used in drawing the curves. The tube- 
wall temperatures at other locations do not appear to be appre- 
ciably influenced by this heat loss, and to compensate for it by 
lagging the tube and by adiabatically lagging the conductors with 
supplementary heaters to obtain more accurate values of specific 
heat would greatly increase the time necessary to reach tempera- 
ture equilibrium. For water-base fluids the end loss effect is not 
appreciable. 

That the power input along the tube varies linearly with dis- 
tance under the conditions shown in Fig. 5 has been verified by 

* For a concise discussion of this topic see “Engineering Applica- 
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points with a Hewlett-Packard model 400-A vacuum tube a-c 
voltmeter. No voltage varied from the assumed linear condi- 
tion by more than 0.1 volt when the total drop for the tube was 
10 volts. Consequently the bulk temperature, which should not 
be confused with the temperature at the axis of the tube, must 
rise very nearly linearly for water, since water's specific heat 
changes so little over the temperature range involved. However, 
the straight line drawn for the oils is a simplification of fact, since 
a 100 SSU oil has a specific heat of approximately 0.47 at 100 F 
and 0.57 at 300 F. This would result in a gently sloping curve 
lying above the straight line shown and intersecting it at the origin 
and at the end point 

The selection of a point 9 in. along the heating path in the cal- 
culation of A values was not entirely arbitrary. It was chosen 
as a point well away from end effeets and as being ina position 
Pro- 
feasors Chao and Trigger are undoubtedly right in their view that 
the flow conditions in practice are too complex to duplicate with 
such a simple apparatus, but the runs require little effort and 
serve as screening tests for the time-consuming tool-chip inter- 
face temperature measurements and tool-life measurements that 
must be the final criteria. 

In answer to Dr. Hahn's question concerning the accuracy of 
temperature readings taken on the unheated sections of tube and 
used as the bulk temperatures of the incoming and outgoing 
fluid, the readings for water and water-base fluids accurately check 
the temperature rise calculated for the known specific heat of the 
fluid for the known heat input. On the other hand, in the case 
of oil, analysis of Fig, 5 readily shows that at location 11, Fig. 2, 
the tube-wall temperature is a poor measure of bulk temperature, 
since an assumed average specific heat of 0.51 for the conditions 
of Fig. 5 would result in a bulk temperature rise of 06 F instead 
of the 150 F shown. Clearly a longer and preferably lagged sec- 
tion of tubing is needed in this case. Continuing with Dr. 
Hahn's questions, the heat flux in an increment of tube length is 
always proportional to the product of h and Af for that area. In 
many papers on heat transfer, average values of / for the whole 


which avoided the anomalous center section in every case 


tube are used. Here it is possible to assign local values to h be- 
cause the loeal heat transfer per unit area is known to be a uni- 
form 24.67 X 10* Btu/br sq ft. and local A?’s ean likewise be as- 
signed by subtracting the calculated bulk temperature for the 
points along the tube from the measured tube-wall tempera- 
tures, 
from the input end is given earlier in this closure. 
Concerning the removal of heat from the chip, Dr. 


\ discussion of the reasons for selecting a point 9 in. 


Hahn 
might consider the steady-state picture in the plane perpendicu- 
lar to the tool face in the area of contact, with the chip-tool inter- 
face as the hottest point. Since the chip-tool interface assumes 
that temperature necessary to drive the generated heat at a 
steady rate through a series of resistance paths to an ambient 
temperature, a decrease in any of the resistance paths, or in the 
ambient that temperature. 
The resistance of a solid-to-liquid boundary is inherently less 


temperature necessarily lowers 
than that of a solid-to-gas boundary; therefore the coolant serves 
resistance wherever it flows over the 
metal, This includes the surface of the chip near the point of 
cut, since this surface is one of the heat paths from the chip-tool 
interface; therefore this fluid flow over the chip lowers the chip- 
tool interface temperature. 

The chip after leaving the tool face takes considerable time to 
reach a temperature approaching the ambient temperature, as 
Dr. Hahn has pointed out, but this extra cooling is a weleome 
extra dividend for the comfort of the operator. He has chosen 
for his example, however, a chip flow rate of 300 fpm. If we 


to lower the boundary 
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assume a cutting ratio of 0.5, the actual cut speed is then 600 
fpm, a figure well above the practical cutting speed for high-speed 
steel tools. 

The question has been raised by all four discussers as to the 
ability of a fluid such as water to sensibly lower the chip-tool 
interface temperature under usual cutting conditions. That it 
does so at practical cutting speeds for high-speed steel is demon- 
strated in Fig. i1 of reference (3). Furthermore, lathe tests in 
our own laboratory'® with high-speed steel cutting SAE 3115 
steel, using a 0.100 depth of cut and 0.0127 feed (ASA Standard 
B5.19-1946) at 200 fpm showed a reduction in chip-tool interface 
temperature from 1033 F dry to 927 F with water as a coolant, 
but only to 983 F with a 100 SSU oil. That this is a practical 
reduction in chip-tool interface temperature is borne out by the 
corresponding tool lives of 3 min, 35 min, and 19 min, respee- 
tively. Part of the reduction in chip-tool interface temperature 
by the fluids in these tests was undeniably due to a reduction in 
the chip friction against the tool, but tool-dynamometer studies 
were not made for this series of tests. 

The author is unable to agree with Dr. Shaw’s line of reasoning 
in regard to the metal-wetting properties of fluids. Water has a 
high-contact angle against a metal surface coated with oil, and 
does not tend to spread by itself on such a surface, but water has 
a zero contact angle against all clean metals and thus com- 
pletely wets them. The tool face and the freshly cut metal sur- 
face are readily wet by water. Moreover, the capillary pressure 
which drives fluid into the close clearances of areas C and D and 
on into area B of Dr. Shaw’s Fig. 8, does so with twice as much 
force for water as for oil, since the surface tension of water is 
approximately twice as great. In addition, the viscous resist- 
ance for water is only about one tenth that of the usual cutting 
oil. The eapillary driving pressure in the case of water is cal- 
culated to be of the order of 800 psi for a capillary clearance with « 
one microinch eadius. Tests with many stable commercial oil-in- 
water emulsions show that these fluids readily wet a clean steel 
surface and continue to do so after the surface has had time to 
adsorb a polar film from the fluid. 

The author's conclusion that the break shown in the center of 
most of the tube-wall temperature curves was due to a change 
from streamline flow to turbulent flow has been challenged by 
Dr. Shaw, but his explanation of the data in terms of a “transi- 
tion length” necessary for velocity redistribution does not seem 
to satisfy the data any better, since the break in the curves 
occurs at approximately the same place for water with a vis- 
cosity at 100 F of 0.7 ep as for the more viscous heat-transfer oi! 
of Fig. 6 with a viscosity at 100 F of 45 ep. 
break in the curves may not be due to a transition from pure 
streamline to turbulent flow, it still appears to be caused by a 
change in the flow pattern of the fluid elose to the tube wall. 

Dr. Shaw’s analysis of the possible mechanics of heat transfer 
for water-base fluids containing emulsified wax does not apply 
to the data presented, as none of the fluids tested contained 
emulsified wax. 


While the anomalous 


A device for sensitively measuring the cooling properties of 
cutting fluids under comparable conditions and with a minimum 
of effort is, despite its oversimplification, a useful screening tool 
preliminary to the running of costly, time-consuming cutting 
That it does not compare these fluids under conditions 
giving the same Reynolds number seems unimportant, since the 
machine tool that the fluids will be used on, like the test device, 
maintains approximately constant flow conditions, with the 
Reynolds number varying widely with the fluid viscosity. 
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“Effects of Coolants on Tool Temperature and Tool Lite,”’ by 
D. M. Cunningham and R. E. Phillips, University of Cincinnati, 
Mechanical Engineering thesis, 1951. 
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_ This paper presents the results of computations for de- 
termining the stresses in a cylindrical pressure vessel with 
a flat head closure. The accurate bending theory of shells 
_is used to evaluate the local bending stresses in the neigh- 
a borhood of the junction of the flat head and the cylindrical 
body. Tables show the magnitudes of the shear s-_cess, 
the circumferential stress, and the axial stress as multiples 
of pd/2t. For the axial and circumferential stresses, the 
_ tables show the magnitude and sense of the stress on the 
internal and external surfaces of the vessel. The locations 
_ where these stresses are critical are also determined. 
Curves are given showing the maximum stresses as func- 
tions of the diameter-thickness ratio of the shell and of 
the thickness ratio of head to shell body. The range of 
- calculation includes most vessel sizes encountered in prac- 
tice. 
; Tables of influence numbers for the cylinder and the 
_ flat head are presented. These tables can be utilized in 
_ problems in which other elastic structures are attached to 
either member. The paper includes a discussion of the 
mathematical procedure. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


p = internal pressure, psi 
M, = bending moment per unit length of cireumference 
exerted by head on cylinder (positive sense is 
shown in Fig. 1) 
shear force per unit length of circumference exerted 
by head on cylinder (positive sense is shown in 
Fig. 1) 
axial foree per unit length of circumference acting 
on cylinder; positive when tension 
radial force per unit length of circumference on mid- 
plane of head at junction; positive when tension 
axial bending moment per unit length of circum- 
ference on head at junction (positive sense is 
shown in Fig. 2) 
stress, psi 
radial displacement of cylinder at junction; positive 
inward 
) = modulus of elasticity, psi 
= mean diameter of cylinder 
t = thickness of cylinder 

' This work is part of a continuing program instituted in 1946 by 

the Design Division of the Pressure Vessel Research’ Committee of 
_ the Welding Research Council of the Engineering Foundation, New 
York, N.Y 
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With a Flat H 


ad Closure 


A. LANG,’ CHICAGO, ILL 


thickness of flat head closure 

Poisson's ratio ( = 0.3 for steel) 

flexural rigidity of cylinder = E/12(1 

flexural rigidity of head = ET*/12(1 — yu?) 

radial displacement of mid-plane of head; 
outward 

radial displacement of surface of head acted upon 
by pressure; positive outward 

axial displacement in head at any radius; 
outward 

W120 

BMe/Qe 

stress ratio = stress divided by pd/2t (ere Table Table 7 


for complete details) 


4, Ay, Ae 
bt influence numbers for cylinders 
My Os, Os. 


a, Qs, a3) 
bi, be, bal 
@ = semiapex angle of conical head 
r location of maximum shear-stress ratio in cylinder 
z, = location of maximum axial-stress ratio in cylinder 
zr location of maximum circumferential-stress ratio 
in cylinder 


positive 


positive 


/(dt)® 


influence numbers for head 


INTRODUCTION 

The present paper dealing with the stresses in a pressure vessel 
with a flat head closure is part of a continuing program instituted 
by the Design Division of the Pressure Vessel Research Com- 
mittee of the Welding Research Council of the Engineering 
Foundation. This program, which consists of both analytical 
and experimental investigations, is intended to benefit engineers 
who are engaged in the design and manufacture of pressure 
vessels. 

The present paper is the second of a series which ultimately will 
cover the kinds of vessel heads in common use, A previous paper 
considered the pressure vessel with a conical head. A subse- 
quent paper will consider a pressure vessel with a hemispherical 
head. Each design paper consists of tables and curves for deter- 
mining the maximum stress in a pressure vessel under the speci- 
fied end closure. 

The theory of plates and shells can be found in standard refer- 
ence books.* * Consequently, this report is limited to a descrip- 
tion of the computational procedure together with a discussion 
of the results. The problem logically consists of two parts: 
(a) The shear force Q> and axial bending moment M, at the head 
cylinder junction, Fig. 1, must be determined from the continuity 
of the radial displacement and rotation at the junction. (b) 
When these are known we may determine the shear, circumferen- 
tial, and axial stresses at the junction in the cylinder and in the 
flat head. The maximum stresses in both bodies other than at 


the junction also can be found. Each stress is divided by pd /2t¢, 

* The theory of shells is discussed in ‘‘Theory of Plates and Shells," 
by 8S. Timoshenko, McGraw-Hill Book Company. Ine., New York, 
N. Y.., first edition, 1940. 

*A general mathematical treatrnent of pressure vessels will be 
found in ‘The Basic Elastic Theory of Vessel Heads Under Internal 
Pressure,” by G. W. Watts and W. R. Burrows, Trans. ASME, vol. 
71, 1949, pp. 55-73. 
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the circumferential stress in a thin unrestrained cylinder under 
uniform pressure, to form the stress index denoted by /. The 
values at the junction are distinguished from the maxima in the 
cylinder and in the head by subscripts j and m, respectively. The 
subscripts, s, a,c, denote shear, axial, and circumferential, respee- 
tively. There are thus twelve stress indexes, denoted by 7,,., 
It will be clear from the context whether 
these refer to the cylinder or the flat head. It will be shown later 
that it is not necessary to compute all twelve indexes in order to 
determine which is the greatest. 

The stress ratio 7 has two distinct advantages. It reduces the 
magnitude of the results and enables one to tell immediately 
whether a stress is greater or less than the hoop stress in a thin 
eylinder. It frequently is substantially linear when plotted 
against the diameter-thickness ratio d/t of the evlinder. By 
contrast, a curve of stress divided by pressure is more nearly) 
parabolic 


CONCLUSIONS 


The analysis of stress in a cylindrical pressure vessel with « 
flat head closure leads to the following general conclusions: 


1 The axial stress at the junction is the largest stress. When 
the head is as thin or thinner than the cylinder, this stress is lo- 
cated in the head. When the head is thicker than the evlinder, 
this stress is located in the evlinder, 

2 When the ratio of diameter to thickness of the cylinder d/t 
is constant, increasing the thickness of the head will reduce the 
magnitude of the over-all maximum stress. The limiting case 
corresponds physically to a eylinder rigidly connected to an un- 
vielding wall. 

3 The maximum stress increases rapidly when the head 
thickness is less than the cylinder. For this reason, in all prac- 
tical design work the head should be thicker than the cylinder. 

4 The maximum stress increases when the cylinder is made 
larger or thinner, i.e., whenever the ratio d/¢ increases, 

5 A curve of maximum stress divided by the circumferential 
hoop stress, pd/2t, plotted as a function of the diameter-thick- 
ness ratio of the cylinder is, for each value of thickness of head 
to thickness of cylinder, very nearly a straight line. Thus, for 
each ratio of 7'/t, two calculations to determine this straight line 
would suffice for finding the maximum stress at any ratio of d/t. 

6 When a pressure vessel has « flat head, the maximum stress 
is considerably greater than the maximum stress resulting from 
replacing the flat head by a conical head of the same thickness 
having an apex angle of 120 deg or less (see, for example, Fig. 5). 


7 It is not practical to use a very thick flat head to obtain a 
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stress lower than would occur for a conical head (of any apex angle 
not too near 180 deg). The thickness required to accomplish 
this is excessive and frequently the head would weigh more than 
the conical head. This ix equivalent to saying that the stress 
increases quite rapidly as the angle of discontinuity between 
center lines of cylinder and head approaches 90 deg. 

8 There is a thickness ratio between 7T/t = 1.0 and 7/t = 
1.2 for which the axial stress at the junction has the same magni- 
nitude in both cylinder and head. An estimate of its value can 
be made by linear interpolation between the values given for 
T/t = 1.0 and 1.2. This optimum thickness ratio is not con- 
stant but varies with the ratio d/T. 

9 The equal axial and circumferential stresses at the center 
of the head are about 60 per cent of the over-all maximum stres= 
when the head is not thicker than the cylinder. As the head 
thickness increases relative to the cylinder thickness, these 
stresses gradually become a much smaller fraction of the over-all 
maximum stress 


ANALYSIS 


Fig. | shows the loads acting upon a long cylindrical pressure 
vessel. The loading consists of a uniform pressure p which, act- 
ing alone, produces a uniform expansion of the vessel; a bending 
moment per unit length of circumference My; a shear force per 
unit length of circumference Q); «and an axial force per unit 
length No. The axial force \V, is produced by the pressure act- 
ing on the head which tends to stretch the vessel. The shear 
force Qo, and bending moment 4, are produced by the restraint 
exerted by the head in preventing the expansion of the vessel 
under pressure. 

Fig. 1 also shows the loads applied to the head which is re- 
garded as a thin elastic plate. The equilibrium of forces axially 
determines It is first necessary to determine the shear 
foree Qo, and bending moment Mo, from the required continuity 
of displacement and rotations at the junction. 

From the theory of a cylindrical shell, the radial displacement 
(positive inward) wo, and the rotation 


dw 
( ) ‘= 
dx ait 


at the junetion are*® 


pd? “ 
w = (BM, + (Qo) ) 
23°D 4Et 2 
36 
« 
uw = 23°) (28M, + Qo) 


The dimensionless form of these two equations is chosen to be 


ET ws Mo Qo 
pd? =a; + pd? ay + pd as 
ET A 
pd 


where 


T 
a =- (Bd)? 


* Page 393 of footnote 4. 
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and 


Bd = — 


ld 
The quantities as, as, “influence numbers,” 
Thus ag is the value of ET wo/d when the cylinder is loaded by unit 
shear force Q = 1. Similarly, a, is the value of ET /d* pro- 
duced by unit pressure p. The advantage of these influence 
numbers rests on the fact that they depend only upon ratios such 
as the thickness ratio 7/t, and the cylinder-diameter-thickness 
ratio d/t, which define the geometry of the problem. These 
ratios characterize the vessel shape for a fixed value of Poisson's 
ratio uw. For the present calculations, w = 0.3, 
applies for most steels. Smal! variations in ¢ result only in alter- 
ing the numerical results by a very small amount. 

The equations for wy and —- wy’ include the effect of Ny. From 
equilibrium of forces in an axial direction Vy = pd/4. This 
value neglects the slight correction which arises from the fact 

; that the pressure acts on the area of head corresponding to the 
inne -r diameter of the cylinder while the line of action of N» cor- 
te sponds to the mean diameter of the cylinder. 

The head, treated as a thin elastic plate, deflects under pressure 
and bending moment at the edge. Compression or extension of 
the head by forces in its mid-plane is regarded as independent of 
these deflections. This is justifiable if the deflections are small.’ 

The eurve for a supported plate under uni- 


by, bs, and be are 


a value which 


r 


- ( 
2D,(1 + 


The rotation at the edge, r = d/2 is 


(*) pe 
dr} a + yp) 


Mid 
+ p) 


"This is the displacement of the center line of the head, ‘The dis 


Ny _ Fig. 2 shows the details at the j junc tion and indicates the posi- 
1, the shear fore € Qo ac ote at the pa of the he ad, This may be 

_ replaced by a compressive force Q) in the mid-plane of the flat 
head, provided the moment M, is decreased by Q)7'/2. 
= and M, = 2) — Mo. 

at the junction are 


Hence 
The conditions to be 


w = = 


? “Mathematical Theory of Flasticity,"’ by A. E. H. Love, Dover 
Publications, New York, N. Y., fourth edition, 1944, p. 553; also 


Reference 4, p. 52. 
* Pages 59-62 of footnote 4. 


THE STRESSES IN A PRESSURE VESSEL WITH A FLAT 


HEAD CLOSURE 


/ 


/ 


In dimensionless form, these reduce, respectively, to Fe 


pd 


d 
16 T 


The last two equations determine the dimensionless quantities 
Mo/pd* and Qo/pd. The influence numbers are given in Tables 
1 to6. It is to be noted that they may be used in other problems. 
Thus a4, as, a¢, bs, and bs refer only to the cylinder. Allowing for 
differences in notation, these were used in a previous paper for de- 
termining stresses when the pressure vessel had a conical head. 

Table 6 shows the influence numbers for the flat head based 
upon seven values of d/7. Tables 1 to 5 are influence numbers 
for the cylinder assuming the head-cylinder thickness ratio 7’ 1 
is 0.8, 1.0, 1.2, 1.6, and 2.0, respectively. 

The stresses are represented in dimensionless form by dividing 
the stress by pd/2t which represents the circumferential stress in 
thin cylinder under internal pressure only. The resulting stress 
ratios are denoted by the symbol J. The shear stress, axial 
stress, and circumferential stress are denoted by subscripts s, a, 
and c, respectively. Subscript 7 denotes junction, and m a maxi- 
mum stress ratio other than at the junction. The maximum 
stress of any type may occur at the junction in either the head or 
the cylinder. It may equally well occur at one point in the 
cylinder or one point in the head which does not correspond to 
the junction. There are then a total of twelve values of stres« 
ratio J to be considered. 

A considerable amount of computing time can be saved by con- 
sidering the stresses in more detail. Imagine the head and cyl- 
inder are separated. Under pressure the cylinder expands uni- 


« 
= 
i 
a: 
aw 
M M 
d d 
= —3(1— — 
The effect of a uniform tension in the mid-plane of the plate P| 
_ amount N, is to produce a radial displacement of amount 
7 du | 
| 
| 


1 INFLUENCE NUMBERS FOR CYLINDER, Tt = O8 
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TABLE 2 INFLUENCE NUMBERS FOR CYLINDER, T/t 1.0 


rABLE 4 INFLUENCE NUMBERS FOR CYLINDER, Tt = 146 


a/t ac be be 
4.80 -0.2550 - 9.517 0.7200 6.40 -0.3400 - 16.9193 - 3.6790 1.2800 
12.00 ~0.2550 23.7927 -0.7200 16.00 -0.3400 42.2981 - 5.8171 -1.2800 
U8 .00 -0.2550 9.178 -0.7200 64.00 -0.3400 = 169.1926 -1.2800 
96.00 0.25 - 190. 0.7200 128.00 -9.3400 338.3851 -16.4532 -1.2800 
- 4 Su -0.7200 160.00 3400 = 422.981, -18.3952 -1.2800 
+2550 0.7200 480.00 -0.3400 -1263.94L3  -31.8615 1.2800 
-1259 .6352 64.1200 0.7200 800.00 ~0.3400 “211b.9071 .1330 “131.6257 1.2800 
TABLE 5 INFLUENCE NUMBERS FOR CYLINDER 7 ¢ 20 
rABLE6 INFLUENCE NUMBERS FOR FLAT HEAD 
4/t a a a bd, 
© ¢ 
4/T a> a5 b, by 
3.00 0.4250 26.4363 5.1h16 = 20.5665 -2. 
+00 - 8 1.4000 « 0839 -0.635 - 8 
20.00 = 66.0908 3.1296 ~ 32.5185 =2.0000 10.00 2. + 0.6563 12.7098 1016365 
80.00 -0.4250 = 264.3634 -16.2593 65.0370 2.0000 40.00 - 8b. *1.4000 + 2.6250 + 50.8391 -0.6355 1.5637 
160.00 -0.L250 528.7268 22.9941 = 91.9762 -2.0000 80.00 - 368. *1.4000 + 5.2500 101.6782 -0.6355 3.177L 
200.00 -0.4250 660.9085 -25.7081 -202.8325 -2.0000 200.00 220. *1.U000 + 6.5625 127.0978 -0.6355 3.978 
600.00 0.4250 -1982..725L 44.5278 -173.1112 -2.0000 300.00 - 68. *2.4000 19.6875 381.2933 -0.6355 
1000.00 29.4250 =3304.542 -57.U852 =229.9406 -2.0000 500.00 1050. *1.4000 *32.8325 +635.L859 0.6355 -19.3590 


tormly while the head rotates inward toward the center line of the 
evlinder, The shear force must then be directed opposite to 
the sense shown in Fig. 1. The shear force produces tensile stress 
in the head. The shear force will rotate the cylinder toward its 
axis. The bending moment My) must be positive to diminish 
this rotation. In the head MM, will have a direction opposite to 
that shown in Fig. 2 in order to satisfy continuity of rotation at 
Therefore the quantity 4 = BM,/Q is negative 
It may be anticipated that ’ always lies in the range — 1.0 to 0 
for a value in excess of —-1,0 implies that the moment produces 


the joint 


a larger deflection on the eylinder at the junction than the shear 
foree--a cireumstance which is physically unlikely. The value 
A\ = 1.0 corresponds, in fact, to no deflection at the eylinder 
junction except that resulting from the pressure, Anticipating 
a result which is verified by the calculations, we assume further 
that 10 SA « 0.228. The corresponding expressions for 
stress ratios J are shown in Table 7. When X lies in the range 
indicated, the maximum circumferential stress in the cylinder 
occurs at the junction. Similarly, the shear stress and the axial 
stress in the evlinder are a maximum at the junction. 

In the head, the shear stress is a maximum at the junction. 
The axial and circumferential stresses are largest either at the 
junction or at the center of the head. At the latter point these 
two stresses become equal. 

The equations of Table 7 for the maximum stress ratios in the 
cylinder away from the junction can be determined by applying 
the calculus of maxima and minima. The expression for the cir- 
cumferential stress ratio is quite complex and is omitted from 
Table 7. 

The stress ratios in the head can be computed directly from the 
general expressions below for shear force and bending moments 
in the head at any radius® r 


* Page 62 of footnote 4 


(3 + (d* — 4r*) = radial bending moment 


(1 K 
M, = M, + — (3 4 ir? 


(3 + pw) 
= circumferential bending moments 


p 
shear force 


The shear stress at radius ris (*/2((Q/7). The force Qy) produces 
a tensile stress radially and cireumferentially of amount Q)/7' 
To this is added the tensile stress produced by bending, which is 


radially and 6M_/7? circumferentialls 


LIMITATIONS OF THE ANALYSIS 


The shear force Qo not only produces stretching of the mid- 
plane of the head but diminishes the bending moments and de- 
flections. The latter effect is not considered in the present 
analysis. The omission of this effect is justified when the maxi- 
mum deflection of the head does not exceed about one half the 
thickness of the head. For larger deflections, the actual bending 
stresses in the head would always be less than the computed 
values of bending stress because of the strengthening effect of, the 
shear force Qo. 

Tt must be kept in mind that the stress ratios at the junction 
are nominal! values only. The assumptions common to the elastic 
theory of « cylinder and of a flat plate are violated at and near the 
junction where a local state of stress, dependent upon the method 
of attachment, exists. The present analysis makes no attempt 
to consider this loeal state of stress. 

Whenever d/T or d/t is less than 10, it is unlikely that the 
theories used in this paper are applicable. They are limited to 
thin plates and shells. For thin plates a common requirement is 
that the deflections nowhere exceed half the plate thickness. 
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‘ a/* a t t 
3.20 -0.1700 4.2298 1.3007 ~ 2.0812 -0.3200 4.00 0.2125 - 6.6091 - 1.8178 3.6357 ~0.5000 
8.00 ~0.1700 10.5745 2.0567 = 3.2906 0.3200 10.00 0.2125 16.5227 2.873 5.7UB5 ~0.5000 
32.00 =0.1700 42.2981 - 4.1133 - 6.5513 ~0.3200 40.00 0.2125 66.0908 - 5. -11 0.5000 
64,00 0.1700 - 34.5963 - 5.8171 9.3073 0.3200 80.00 0.2125 -132.1817 - 8.1296 ~16.2592 -0.5000 
60.00 -0.1700 - 6.5037 “10.4059 -0.3200 100.00 0.2125 -165.2271 - 9.0892 -16.178L 0.5000 
24.0.0 0,170 -317.2361 “11.2647 -18.02 % -0.3200 300.00 0.2125 495.6813 -n ~0.5000 
400.00 0.170 -528..7268 14.5427 -23.2684 0.3200 500.00 0.2125 826.1356 -20.32h1 240.6481 0.5000 

TABLE 3 INFLUENCE NUMBERS FOR CYLINDERS, T 12 

4 


¥ WATTs, LANG--THE STRESSES 


TABLE 7 EQUATIONS FOR STRESS RATIOS 


Stress ratios in cylinder at junction: 


Shear 


Circumferential 


Qo d M, 
= +2 + 

1 at (%) A) + t pd? 


Maximum stress ratios in cylinder (other than at junction): 


Shear 


1 
len = + 3.4126 
2 


Stress ratios in the head at junction: 


IN A PRESSURE VESSEL WITH A FLAT HEAD CLOSURE 


Shear 
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TABLE 8 BENDING MOMENT RA pd? AT JUNCTION 
SHEAR FORCE RATIO, aT NCTION 


g 


$2 


1.2201 


STRESS INDEXES IN AC at 
VESSEL WITH FLAT HEAD, Tt = 


PRESSURE 


Cylinder at Junction Wead at Junction 
Shear rcus. Shear 


Tey 1s) 


30 0.9375 
20.9975 


+0.9975 


1.6489 


20.9975 


20.9375 


*0.937 


20.9975 


pd \2d 
Circumferential 


2t Qo 


= T 1 + 12 i? i 
pe pe pd \ 2d 


Stress ratios at the center of the head, (r = 0): 
Axial and circumferential 


2t 


T pd 


The results contained in the tables and curves were computed 
by two separate persons. Agreement to four decimal places or 
better was obtained for all stress ratios listed in Tables 9 to 13. 


ConvenTION Usev in Tastes 9 Turover 13 


In this paper the problem of determining the magnitude of 
the maximum stress has been primarily emphasized. A few 
additional calculations make it possible to indicate not only the 
stress magnitude but its sense (whether tension or compression ) 
and its location (whether on the internal or external surface of 
the vessel). In Tables 9 through 13 the following convention is 
adhered to: 

1 For every circumferential or axial-stress ratio, two figures 
are listed for each diameter-thickness ratio. The upper figure 
represents the value of the stress ratio at the external surface of 
the vessel. The lower figure represents the value of the stress 


Maxiaa in Cylinder 
Snear 


*1.0452 


0.5077? 0.3549 
0.1558 
0.140) 
0.0825 0.126 


0.06.2 


0.2898 
0.2098 
70.0632 0.1886 
-0.1100 0.1104 


0.0658 0.0937 


* Correction to Table 9. U ios Head at Junction, at dt of 3.20, 
lower value of /-, should be 1.0119. 


ratio at the internal surface of the vessel. A plus sign denotes 
tension and a minus sign denotes compression. 

2 Every shear-stress ratio refers to a shear stress at the middle 
surface of the vessel. The following sign convention, consistent 
with Fig. 1, is adhered to: 

(a) The positive sign of J,, in the head denotes that the stress 
has the direction of Ny in Fig. 1. 

(b) The positive sign of J,; in the cylinder denotes that the 
stress is directed radially inward opposite to the sense of Q, in Fig. 
1. 

(c) The negative sign of J,,, in the cylinder denotes that the 
stress is directed radially outward when the shell wall is located 
to the left of the stress in Fig. 1. 


| 
\ 3 i. 1.6 2.0 
| 
.0162 0.0163 0.01L9 0.0138 
40.00 0.0260 0.02 0.0207 
Axial 100.5¢ 0.0278 0.02 Me 9.0209 
0.00 0.0292 0.92 0.0262 0.02L2 
ao. 509.90 0.0296 0.02 0.0272 
Ai 0.8 1.0 1.2 1.6 2.0 
. 
-0.1 551 ~0.1357 0.1412 0.14352 
10.00 745 0.2821 -0.1862 -0.1668 0.1808 
2.00 3106 -0.3508 -0.3627 0.3555 
300.00 -0082 21.101 1.1477 “yy 
1,,V1+2X+2 
= 
Br 
Pr, 
4 
$.00 10.00 +0.573 0.7967 
7 2.6714 
9} + 3.093 18.6629 + 5.5579 
3 $0.00 100.00 +1.45¢ OL - 8.202, - LL.084) -21.278 
7 OL + 7.593 * U6.5113 13.699) 
7 $L.5093 139.7402 
YOO.00 $00.00 -2L2.6722 43.3606 -227.6L61 -63.5536 
Lhe 1b2.6722 42.942 233.1479 +69.085L 
ocation o 7 ee at 
@ 1 4 Teo 
13. 32 
0.7694 
«6.002 
(32.00 
t \ pd? pd \ 2d 80.00 100 
20 
l 240.00 300 89 
233 
— 
=> 
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TABLE 10 STRESS INDEXES IN A PRESSURE TABLE 11 INDEXES INA © DRIC AL PRESSURE 
VESSEL WITH FLAT HEAD, T/t = SSEL WITH FLAT HEAD, 7/t = 12 
Cylinder at Juretion Head at Junctio “Gylinger st Junction Head ‘at Junction 


4160 
10.00 
40.00 *1.0047 
$0.00 1.4220 


100.00 


*1.0624 
#1 


*1.6942 


ee 


Yoo.00 102.9113 +3.02u6 
*10).9113 +29. 
$00.00 *3.6602 274.2607 ; 100 +3.9535 


Location of Maxina Yaxina 


Maxima in Cylinder in Cylinier 
4.00 4.00 0.0330 *1.0434 0. 0.3891 0.4839 4.80 4.00 0.3670 
0.5 
10.00 10.00 0.3198 0.5063 12.00 10,00 07 0.2932 


2 
WO.00 40.00 0.1597 0.2330 48.90 40.00 0.1724 


$0.00 30.00 -0.0621 0.1345 96.90 30.00 +065 0.1700 0.1259 
100,00 100.00 ~0.0694 0.3247 0. 129.00 100.90 0.1528 
2 


00.00 300,00 =0.1217 0.0795 0.1975 066 380.00 399.20 


600.00 S00.00 0.0572 600.90 509.% 
“1 


TABLE 13° STRESS INDE) 
VESSEL WIT 


TABLE 2 INDEXES IN A PRESSURE 
WITH FLAT HEAD, 


#025425 


*1.5916 


10.09 +0.5604 
6721 


30.00 5 0.4633 


697 
100.00 +2.8027 


2 


300.00 °0.L608 


* 260.7867 +9660 


0.3039 


Maxina in Cylinder Cen 

Sneat Circus. rem. -0.0287 

1 ¢ 
et 


-0.0432 
*1.0560 0.5026 
0.0701 


0. 
0.0796 


0.2021 0.2213 
0.1495 


€.1082 0.1403 
~0.1996 


0.0975 


0.077%) 0.0576 
“4 * Correction to Table 13. Under Head at Junction, at d/t = 20, the 
0.0602 0.04L9 "3 upper value of [cj should be positive. At d/t = 1000, the upper value of 
should be — 13.5516. in Cylinder at d/t = 8, the lower 
value of Jam should be +0.2 


=, 
= 
A a 
60.4 27.237) 6.2373 96.00 28.6325 - 9.5845 0.6250 - 71.90K8 - L.LOLS 
29.1333 9.1333 29-6324 7.9949 * 23-5988 6.0788 
100.00 (236.0575 +0.4250 27.5863 $.9113 
37.6575 *10.1203 + 29.5687 + 7.6937 
300.¢ 19.7956 0.6250 96.3992 -21.27L2 
20.7956 +33.7957 90.2598 924.6348 
$00.0 95.0247 <64.3249 +0.6250 -247.1132 
°175.2608  *60.493) °184.5215 °53.271 °206.0247 «53.4599 252.529 942.1359 
= 
= 
enter 
* leo 
= 
0.5362 0,960) 
- 0.896 
O.U534 2.6395 
- 2.089 
0.2575 20.0704 
8.9010 
0.1860 19.3U52 
17.672 
0.1672 23.8762 
= 22.9938 
9.9931 2.6212 9.9396 9.0669 0.9990 + 67.7833 
- 7.9831 +0.4577 = 64.4277 
-13.3002  +0.0853 106.3016 
= 
77 IN A CYLINDRICAL PRESSURE 
a AT HEAD, 7/t = 2.0 
Gylinder at ction ves? at ‘unction 
a/t 1/T Soear axial vial circus. 
Cylinier at Junction at Junction 1.8258 + 0.6556 9.901 + 0.7791 
Kxtal Circus. Shear “ir 2.9 2.37! 
a/t incur. 20.00 10.00 2.9169 = 1.0833 +0.3750 - 1.2159 9.0966 
a} ss }.7169 + 0.9669 * 1.5775 * 0.2650 
80.00 40.00 mm 16.6809 = 6.2522 *0.3750 5.0062 = 0.2438 
6.4 00 20.4309 0.6456 © 0.0339 00.4633 O.9066 0.1508 17.0809 * 5.7172 0.4672 
1.645 9.6535 160.00 80.00 33.1305 <13.6995 0.3750 0.2712 
39.1305 + 9.5088 11.7923 1.2923 
U9.STLL +9.3750 13.7275 0.4025 
173.0286 -57.7022 +0.3750 6.3001 
128. 1.3 174.0186 .LO99 7.9706 + 8.5956 
3.2120 1000.00 h.6072 -303.9208 -5¥.2275 *0.3750 -79.1766 13.3516 
160. #3049208 +83.L2U9 32.2430 16.6230 
4.1733 
230. 12.3323 
1S .0925 
3.2390 
Maxina in er Center 
aft a/t Shear Kxtet Treun. Shea Viren. 
0.7302 +2.0601 0.5124 + 0.€1°7 
: 0.9385 +2.09L1 0.32 0.3587 1.8779 
+0.9720 1.5162 
1.9670 0.1795 0.1315 0.197% + 7.3683 
0.9670 +0.9062 6.6573 ; 
: 365262 *2.6497 0.230, 0.0962 0.1123 
0.0965 « 0.1273 0.0867 0.1284 +17.2100 
12.9953 *3.6826 0.0690 O.CS1L 0.075L 47.1374 
2.1989 22.0498 +*.6252 0.0537 0.0L01 0.0537 +75.5109 
140,00 100.00 -0.0789 + 3.9039 =0.3772 272 
2.9039 
490.90 300.00 -0.1L36 21.2906 
1 
$09.00 509,02 -0.199L +25.7557 
-17.79S7 <i 
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Discussion or 


(a) Variation of My/pd* and Q)/pd. Examination of Tables 
1 to 5 shows that the cylinder influence numbers ay, a5, a6, bs, and 
be all increase or remain constant with increasing d/t. This sim- 
ply means that unit loads (p, Mo, Qo) produce increased deflec- 
tion and rotation as the cylinder becomes more flexible. An 
identical conclusion applies to the head-influence numbers of 
Table 6. 

Again, increasing 7'/t results in increases in the influence num- 
bers of the cylinder. Imagine a head of fixed diameter and thick- 
ness, Increasing 7'/t is equivalent to making the cylinder thin- 
ner. Thus, increasing either d/{ or 7/t means increased cylinder 
flexibility as a consequence of having less wall thickness. 

As any shell becomes thinner, we approach the membranc 
solution which implies no bending moment. This is consistent 
with the results of Table 8 which show that M,/pd* decreases 
us 7/t increases. However, the decrease is slight. In fact, the 
bending moment at the junction in the cylinder is scarcely af- 
fected by changes in cylinder thickness. If the head thicknes« 
is decreased (d/T increasing) the head becomes more flexible and 
the greater curvature implies larger bending moments. The in- 
crease is again slight. For example, a hundredfold increase in 
doubles M,/pd?. 

Similar conclusions do not apply to the shear force Qo/pd. 
This is because it induces not only bending but radial tension in 
the head. 
(Jo pd must increase but does so slightly. 
stances the pressure produces larger radial deformations and the 
increase in Qo/pd is required to maintain continuity of deflec- 
tions. The same effect contributes to continuity of rotation. 

For thinner heads (d/7 increasing), Qo/pd increases for the 
same reasons. A thinner head deflects and rotates more under 
pressure. The shear force stretches the head more and cancels 
some of the rotation induced by the pressure. A hundredfold 
increase in d/T increases (pd by 10 times. 

(b) Discussion of Stresses. Tables 9 to 13 show the three types 
of stress ratios in the cylinder and in the head at the junction. 
The tables also list the equal axial- and circumferential-stress 
ratios at the center of the head and the magnitude and location 
of the maximum shear-stress and axial-stress ratios in the eylin- 
der. 


As the cylinder becomes thinner (7'/t increasing) 
Under these circum- 


1 When the head-cylinder thickness ratio 7/1 is O.8 or 1.0, 
the axial-stress ratio in the head at the junction is a maximum for 
all computed values of d/t (Tables 9 and 10). When 7'/t = 1.2, 
1.6, or 2.0, the maximum stress ratio is the axial junction-stress 
ratio in the eylinder (Tables 4, 12, and 13), with the exception 
of the first reading of Table 11 corresponding to d/T = 4. For 
thin vessels (large d/t), the maximum stress may be 100 to 200 
times greater than the circumferential hoop stress. 

2 In general, when the ratio d/t (or d/T) increases, all stress 
ratios increase. This simply means that the ratio of the stress (of 
any type) to the circumferential hoop stress pd/2t becomes 
larger for progressively thinner vessels. 

3 In general, when the thickness ratio T/t increases, the stress 
ratios in the head decrease. The head is becoming stiffer and 
deflects less so that the bending stress is reduced. The shear 
stress in the head is also reduced since the shear force is dis- 
tributed over a greater thickness. 

4 For any fixed ratio d/T, the stress ratios in the cylinder 
1,,, ej, Tom increase with T/t while the remaining stress ratios, 
I,,, and I,;, decrease. The shear force Qo increases relative to 
pd. This accounts for the stress ratios which increase. /,, de- 
creases because the effect of decreasing M,/pd* outweighs the ef- 
fect of increasing Q./pd. The decrease in J... is associated with 
the change in its location, x, /d 
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5 The foregoing conclusions are not always correct for values 
of d/T less than 10 where departures from the theory occur. 

6 Fig. 3 shows that the maximum stress ratio Jmsx, a8 a func- 
tion of d/t, is nearly a straight line for any of the computed thick- 
ness ratios 7'/t, The lowest stress occurs when the head is twice 
the thickness of the cylinder. It is to be noted that the increase 
in stress when 7'/t is reduced from 1.0 to 0.8 is very much greater 
than the decrease in stress when 7'/t is increased from 1.0 to 1.2. 

Fig. 4 exhibits the same conclusion except that the ratio of maxi- 
mum stress to pressure is plotted instead of Imax. A curve of this 


type is recommended as the most advantageous for design pur- 


poses 
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7 It is of interest to compare the differences between the pres- 
ent results and those found for a conical head, especially when 
the apex angle is 120 deg. The limiting case of a cone with apex 
angle approaching 180 deg would correspond physically to a flat 
head but the equations connecting the deflection and rotation at 
the junction would differ from those used here. In the former 
case the middie surface of the conical head and the cylinder meet 
at the junction. In the present paper it is that surface of the 
head which is exposed to pressure whose deflection and rotation 
are equated to the deflection and equal rotation of the middle 
surface of the cylinder. The stress ratios tend to increase as the 
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"apex angle of the conical head increases, The stress ratios in the 
flat head should then be larger than the zatios for a conical head. 
Fig. 5 shows the effect of increasing the cone angle upon the maxi- 
mum stress ratio for d/t = 100 and various values of 7'/f. In this 
figure the present results are used to correspond to the limiting 
value, a = Wo deg. It is evident that the maximum stress is 
severest in a flat head, since the discontinuity of the center line of 
the head and the cylinder is greatest in this case. 


Discussion 


DD. B. Wessrrom."” The same analysis as given by the authors 
in their Equations {1} to [10], but with Equations [5] to [7] 
omitted, and a complete solution for the longitudinal stress in the 
eylinder at the junction of the cylinder and head, was presented 
by the writer in October, 1945, to the Boiler Code Subcommittee 
on Special Design and in May, 1046, to the Pressure Vessel Re- 
search Committee. It was presented again in May, 1950, to the 
Subcommittee on Special Design, in a different form, with a final 
solution for the stress index in the cylinder, corresponding to the 
At that time Mr. J. J. Murphy, of the M, W. 
Kellogg Company, called attention to the omission of the term 
corresponding to the second term in the right-hand side of Equa- 
tion [6], The first term, which is also Equation [5], was pur- 
posely omitted because the magnitude of the tension Qoin the plane 
of the head would be such that its effeet would be quite small. 
In fact, the writer's solution for /,, of the eylinder, as corrected 
by Mr. Murphy, and with Equation (5| omitted, checks the values 
given by the authors in Tables 9 to 13 within 3.3 per cent in the 
most extreme case, and within less than 1 per cent in all cases 
where the shell diameter-to-thickness ratio d/t is over 35. 


authors’ ratio 


Another reason for the omission of Equation [5] by the writer 
was the fact that it balanced the neglect of another factor neg- 
lected also by the authors, which is that, if the head is to have 
a deflection curve, the edge of the head must be drawn inward to 
satisfy the geometrical requirement that the length of the curve 
be constant. As this inward movement takes place, however, a 
resistance to it is set up by circumferential compressive stresses 
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in the head at and near its periphery. It was believed that the 

net effect, combined with the stretching of the head by the ten- 

sion Q, would be so negligible as to justify omission of Equation 

{5}. 

Deviations of from 1 to 3.3 per cent for cases in the lower 
values of d/t are not of great significance, however, inasmuch as 
the authors themselves state that for d/t less than 10, it is un- 
likely that the theories used are applicable. This is also true of 
the first term given in Table 7 for /,, of the cylinder. When d ¢ 
= 10, this term is 0.405 instead of 0.50, and for lower values of 
d/t, the error in this term is progressively greater. 

The writer is of the opinion that the stress index /,, for the 
cylinder is the only index of any practical significance. In any 
practicable pressure-vessel design, the head thickness will be 
considerably greater than the shell thickness and therefore the 
highest stress will be in the cylinder. Also, since Qo is relatively 
small, and is actually in a direction opposite to that shown in 
Fig. 1 of the paper, the so-called maximum longitudinal stress in 
the cylinder (stress index /,,,) could not possibly be greater than 
the peak longitudinal stress at the junction. All this is confirmed 
by the results in Tables 11 to 13 for d/t of 10 or higher 

Lest the designer be confused by the extremely high values of 
/,, for the cylinder reported by the authors, it should be stated 
that these do not represent practical engineering designs, inas- 
much as /,, is a measure of the stress in terms of the hoop stress 
in the cylinder. If the designer makes the cylinder as thin as the 
Code will permit, by using the maximum permissible stress, and 
limits the longitudinal stress at the junction to the same value, 
/,, must not exceed unity, and if he elects to tolerate a stress 
twice as great, /,, can be as great as 2. Further, if he is willing 
to make the cylinder twice as thick as otherwise necessary, /,, can 
be as large as 4, and so on. Therefore only the extreme lowe: 
left-hand corner of Fig. 3 of the paper would be of any engineer- 
ing usefulness. It will be found also that in most cases the ratio 
of head thickness to shell thickness 7'/t will be greater than the 
value of 2 at which the authors’ tables stop. What is needed is a 
chart for 7, ; for values perhaps as high as 10, and 7'/t values from 
1 to 10, of which the range 2 to 8 will cover most designs 

The writer has developed the complete solution for J,, of the 
eylinder, It can be expressed in nondimensional form by placing 
T/t = aandd/t = b. It also takes into account the location of 
the joint between the head and shell, n7’ being the distance from 
the mid-plane of the head thickness to the joint; positive when 
the joint is on the same side of the mid-plane as the eylinder 
With a, 6, and n thus defined, we have for the evlinder 

~ + Cyb'/* + 2Cnab + 
Cya® + 2C na + Cs/a + + AC /b'? + Cyat/b'/* 


in which 


94317 


= 3.74071 


1.90702 
4.84761 

1. 026862 
2.66667 

4 40610 


.00000 
908912 
= 0.385077 
Cy = 1 46869 
For the case covered by the authors’ paper, in which n = 0.50, 
the foregoing formula becomes 
1 1 Cia? — Cra + + + a 
Cea? + Cra + Cs/at + (Cro + 


With this formula and a table of five-place logarithms, the 
authors’ values of /,, for the cylinder in Tables 9 to 13 can be 
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checked to four or five significant figures. Therefore it should 
be possible with this formula to construct a chart for any range 
of T/tand d/t desired. 

If the stretching of the head plate, per Equation [5] of the 
paper, is neglected, the coefficients C,, C,, and C\, become zero. 

The authors’ very searching investigation thus sonfirms the 
results of a less elaborate analysis, which without much diffi- 
culty can be expressed in a form immediately useful to the 
designer, 


Avuruors’ CLosurE 


The authors wish to thank Mr. Wesstrom for his thorough 
study of the paper, and his working out of a single formula giving 
the axial stress index in the cylinder at the junction for any values 
of djtand T/t. It is reassuring to have such close checks on the 
numerical values 

In deriving his formula, Mr. Wesstrom introduces a factor 
which permits moving the head-shell junction point up or down 
throughout the thickness of the head. The authors’ case is 
represented by n = 0.5 (junction at inner surface of head). If 
the junction is located at any other point, it will be necessary 
either to modify certain dimensions so that, for instance, the head 
can be fitted inside the shell, or else to overlook interferences be- 
tween the parts in computing stresses and deflections. 

Mr. Wesstrom also points out that since internal pressure 
acts at the inside rather than at the mean diameter of the shell, 
the average axial stress will be 0.405 rather than 0.50 for a evlinder 

Although the authors agree, it should not be 
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thought that changes of this kind would permit a truly accurate 
stress analysis of thick-walled vessels. The presentation of 
stress-index numbers to several significant figures is convenient 
for checking purposes, but no claim is made that actual dtresses 
are known to such accuracy. As noted above, it is impossible 
for a simple cylinder and disk to fully represent the actual geome- 
try at the junction Also, although bending stresses are as 
sumed to vary linearly through the thickness of a plate, it is well 
known from photoelastic studies that at a projecting corner the 
«tresses are zero, While at a re-entrant corner they are nonlinear 
and extremely high. ' 

In spite of these imperfections, it is believed that the results 
in the paper represent stress conditions in thin-walled vessels 
with fair accuracy. Although the development of more realistic 
analyses for thick-walled vessels is desirable, the high stresses 
computed from present results are sufficient to show that flat 
heads are not a suitable or efficient closure for high-pressure 
vessels, 

The authors agree with Mr. Wesstrom that a problem is 
created by the discrepancy between the high values computed for 
“secondary stresses” (usually not shecifically mentioned in the 
Codes) and the much lower values which the Codes allow for 
primary or membrane stresses. If secondary stresses were re- 
quired to be held down to the present working stresses (which 
contain large “safety factors’), the resulting vessel designs would 
be most uneconomical. Perhaps the next developmental step 
should be a study to determine what secondary stress values are 
actually being permitted by the present Codes. 
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“Low T emperature ation High- 


Pressure Gas-Distillate Wells 


By C. 


“men 


The process for extracting hydrocarbons from high- 
pressure gas at low temperatures is not new. As early as 
1936 experimental work was done in cycling plants to 
increase hydrocarbon recovery by low-temperature sepa- 
ration at elevated pressures which resulted in increased 
revenue from the sale of liquid fractions and reduced the 
horsepower requirement for injecting the gas back to 
formation. Low-temperature separation is now finding 
wide application in small compact-type low-temperature 
units for individual gas-distillate wells in order to increase 
stock-tank liquid for a rapid payout investment, and at 
the same time reduce the water content of the gas to meet 
pipe-line specifications. Performance tests, calculated 
studies, and a description of this last-mentioned low- 
temperature unit are presented to show the advantages of 
more efficient equipment for high-pressure gas-distillate 
production. 


INTRODUCTION 


ITH the increased demand for natural gas and distillate 

\ \ values ranging from $2.50 to $3.00 per bbl, producers are 

giving more serious consideration to better methods of 
gas production-—-methods that not only increase income by more 
efficient utilization of high pressures but also methods that 
eliminate the many troubles encountered in producing high- 
pressure gas such as hydrate formation, corrosion, and high hy- 
drocarbon dew points of the gas in long transmission lines. 

Since the recent trend has been toward higher gas-transmis- 
sion-line pressures, which increases the temperature at which hy- 
drates form, the pipe-line companies have found it necessary to 
purchase gas with a water and hydrocarbon dew point below the 
minimum temperature encountered from the well to the point 
of consumption. Many of the gas-transmission companies re- 
quire a water content of 7 Ib or less per million cu ft and a hydro- 
carbon content not to exceed 0.2 gal per thousand eu ft. 

These factors naturally have brought about the installation of 
many high-pressure gas-processing plants and packaged gas-de- 
hydration units where central processing is feasible. However, 
there are many areas where high-pressure gas cannot be processed 
economically ina central plant and, therefore, for the producer to 
have a marhet for his product, he must process his gas at the well 
This is where low-temperature extraction units are rap- 
idly becoming standard production equipment, as by using the 
high-pressure gas and expanding to a lower pressure, a resulting 
lower temperature is obtained for separation. The net result is 
a salable gas with a low water-vapor and hydrocarbon dew point 
and an increase of 5 to 15 bbl per million eu ft of stock-tank liquid 
over and above regular heater, separator production methods. 
The limitation of this process is governed only by the pressure 
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drop available between the well head and the gas-transmission 
line 
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There are many different types of small unitized low-tempera- 
ture extraction plants, each designed to accomplish a given result 
depending on the well-stream composition, pressure, temperature, 
and operation limitations. Basically, any low-temperature sepa- 
ration process utilizing the Joule-Thompson effect of expanding 
high-pressure gas to a lower pressure to obtain refrigeration must 
have its component parts so designed for efficient removal of 
hydrates and liquid hydrocarbons from the gaseous stream and at 
the same time provide trouble-free operation under all weather 
conditions. 

In order to eliminate confusion and permit more detailed dis- 
cussion of this process it will be desirable to confine this paper to 
only one standard unit which has the greatest application and 
flexibility for most high-pressure gas-distillate wells. 

For a more comprehensive understanding of this type of low- 
temperature unit refer to the illustrated schematic flow diagram 
shown in Fig. | 
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The high-pressure gas from the well is first taken through a 
heater to insure trouble-free operation due to changes in flow 
rates and weather conditions. However, the heater may not be 
necessary on high-temperature wells in warm climates where the 
unit is installed close to the well and a fairly high rate of flow can 
be maintained. Heaters generally used for this type of service 
have a high-pressure gas coil submerged in a body of water which 
in turn ix heated by a direct-fired gas furnace thermostatically 
controlled by either having the thermostat bulb in the water or 
in the gas-outlet line. When the thermostat bulb is used in the 
gas-outlet line, a second thermostat is generally used on the 
water bath and set at a temperature of 180 to 190 F to prevent 
boiling of the water. 

The high-pressure gas from the heater then enters the jacket 
around the choke to prevent hydrate formation ahead of the 
point of expansion, and then is conducted into the heating coil 
placed in the lower part of the low-temperature separator. This 
heating coil is submerged in the liquid section of the low-tempera- 
ture separator for the purpose of melting the hydrates formed as 
result of expansion of the gas so that they can be removed as 
liquid water and also to heat the hydrocarbons removed so as to 
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effect: some stabilization, or in other words, selective stripping 
of the propane and lighter fractions from the mixture to pro- 
duce a stable liquid that will retain most of the pentanes and 
heavier, when flashed to the low-pressure separator. 

After the gas leaves the heating coil it is piped to the heat ex- 
changer where it is cooled by the cold gas leaving the low-tempera- 
ture separator. The gas then enters the high-pressure liquid 
knockout which removes all water and condensate that can be 
separated at the corresponding temperature and pressure on the 
knockout, The liquids removed are then discharged to the 
lower part of the low-temperature separator. 

Since the gas leaving the high-pressure knockout enters the ex- 
pansion choke it is important to have very accurate regulation 
of the temperature at this point. This is accomplished by a tem- 
perature controller with the control bulb located either in the 
knockout or in the high-pressure line entering the choke which in 
turn controls the position of the diaphragm-operated three-way 
valve. This valve splits the flow of cold gas from the low- 
temperature separator to send only that part of the gas through 
the shell side of the exchanger as demanded by the temperature con- 
troller. For the most economical operation this temperature 
should be maintained as close to the hydrate-forming tempera- 
ture as possible to obtain the maximum temperature drop through 
the expansion choke; yet at the same time it should not be per- 
mitted to go so low as to cause freezing in the knockout or choke 

The liquid-free high-pressure gas then enters the jacketed 
choke and is expanded into the upper part of the low-tempera- 
ture separator. The reduction of pressure and temperature 
changes many of the hydrocarbons from the vapor phase to the 
liquid phase and causes the formation of hydrates. These are 
separated from the gas stream and the gas passes out the top of the 
separator as a dry gas at its corresponding temperature and pre=- 
sure, This gas is then warmed by the heat exchanger before en- 
tering the sales line. The hydrates formed and the condensed 
hydroearbons removed from the gas are deposited in the lowe: 
heated seetion of the separator where the hydrates are melted and 
the hydrocarbons stabilized. 

The water from the high-pressure knockout plus that obtaine:| 
from melting the hydrates is separated from the distillate in the 
lower part of the low-temperature separator by means of baffles 
and is discharged separately. The liquid hydroearbons having 
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all free water removed are then staged through at least one inter- 
mediate flash separator before being released to the storage tanks. 

Fig. 2 shows a field installation of one of these units as pre- 
viously described. 


Low-TeMPeRATURE 


The importance of water removal by the low-temperature proc- 
ess cannot be overlooked because of the increased demand for 
high-pressure dehydrated gas. As previously mentioned, most 
gas-transmission companies demand a water-vapor content not to 
exceed 7 lb per million eu ft. Referring to Fig. 3 which shows 
the water content of natural gas at various pressures and corre- 
sponding dew points, one can readily see that this specification 
can be met by low-temperature separation where flowing pres- 
sures are high enough to give sufficient refrigeration. Thus, if 
the delivery pressure is 800 psi, a water-vapor dew point of 28 deg 
will be required to produce gas with a water content of 7 lb per 
million cu ft. 

Actual field experiences have shown the water-vapor content to 
range from 8 to 18 deg below equilibrium temperature conditions. 
Fig. 4 shows actual field tests of observed dew points at various 
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pressures and temperatures. The average dew-point depression 
below operating temperatures is 13 to 14 deg. For estimating 

- purposes one can assume safely a 10-deg depression for average 
conditions. 

Mr. E. G. Hammerschmidt? has reported in his findings in 
dealing with hydrates that this condition does exist and has been 

able to produce in a chiller, after hydrates were formed, a water- 
vapor dew point 13 deg below the actual temperature of the gas. 
The conditions existing in a low-temperature separator are simi- 
lar to the chiller and actual field observations have substantiated 
this dew-point depression. 
that this dew-point depression is obtained only when the low-tem- 
perature separator is operating at a pressure and temperature 
conducive to the formation of hydrates. 

Since the application of a low-temperature unit for the purpose 
of dehydrating gas is dependent on the available pressure drop 
between the well head and transmission line, it is important to 
have some means to predict whether such a process can be used. 
In order to make an approximation Fig. 5 has been developed 
from a number of actua! field tests to show the degree of cooling 

_ that can be expected from the expansion of the gas in a low-tem- 
perature unit. 

Since all the liquids are removed ahead of expansion by the 
knockout, one should expect a fairly constant degree of cooling 

> that could be applied to all gases; however, owing to the wide 
variation of well-stream compositions this one set of curves can 
be used only as an approximation. 

For example, it is desired to deliver gas at 1000 psi with a 
water content not to exceed 7 Ib per million cu ft. Referring to 
Fig. 3, we find the water-vapor dew point at 7 lb of water and 
1000 psi operating pressure to be 32 deg, assuming a 10-deg dew- 
point depression would mean an operating temperature on the 

unit of 42 deg. Referring to Fig. 5, we find the intersection of 
the 42-deg operating temperature line and 1000-psi separator- 
pressure curve shows a minimum high-pressure knockout pres- 
sure of 1900 Ib. Therefore to meet these conditions one must 
aa have a well with a flowing pressure in excess of 2000 Ib to make 
such an installation practical. Flowing temperatures also must 
be considered in order to properly size the heater if needed and 
also to make sure of ample heat-exchanger capacity. 


It must be remembered, however, 


:“Formation of Gas Hydrates in Natural Gas Transmission 
Lines,” by E. G. Hammerschmidt, Industrial Engineering and Chem- 
istry, vol. 26, 1934, pp. 851-855. 
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Low-temperature dehydration is also being used on off-shore 
gas-distillate wells to permit the transportation of the high-pres- 
sure gas to shore without hydrate formation Fig. 6 shows four 
units located on one central platform in the Gulf of Mexico. The 
gas is processed at low temperature and the water removed from 
both the gas and distillate at approximately 1000 psi. The dis- 
tillate is then metered and recombined with the gas and trans- 
ported approximately 27 miles through the pipe line to shore. 
The water-vapor content of the gas at the platform before re- 
combination with the distillate averages 3 to 3.5 tb per million 
cu ft. The water content at shore which is the combined stream 
averages 3.8 to 4 lb per million cu ft. Thus, with a water content 
of 4 lb and a pressure of 1000 psi, the line is protected down to a 
temperature of approximately 18 F. 

Therefore it can be safely said that low-temperature separa- 
tion if properly applied does have a place in the dehydration of 
high-pressure natural gas. 


IncREAsED HyprocarBon Recovery 


From an operating standpoint the producer not only obtains a 
water-vapor dew-point depression from low-temperature separa- 
tion but also a hydrocarbon dew-point depression of the gas. 
This is important especially in long transmission lines as it 
eliminates liquid accumulation and thereby increases the trans- 
mission efhiciency. 

Removing these hydrocarbons at the well is actually where the 
producer realizes his greatest benefit as far as investment in 
Many installations pay out the total 
investment in a matter of a few months by increased distillate 
production over standard separation methods. To show the 
value of this increase in production Table 1 has been prepared 
from actual field data where a direct comparison could be made 
between conventional and low-temperature operation. The 
fourteen installations were taken over a wide area where high- 
pressure gas is produced with wellhead flowing pressures ranging 
from 1680 to 3150 psi and condensate production from 13 to 223 
bbl per million cu ft of gas. These data indicate an increase of a 
minimum of 4 bb] per million to a maximum of 17 bbl per million 
cu ft of sales gas. The last column in this table shows the value 
of this increase on a yearly basis per million cu ft of gas produced. 
Thus, for example, a well producing an average of 5M MCF of gas 
per day with an increase of 5 bbl per million cu ft and selling for 
$2.65 per barrel amounts to $24,181.25 per vear additional reve- 


equipment is concerned. 
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TABLE 1 FIELD DATA SHOWING INCREASED LI 
LOW-TEMPERATURE SEPARATION COMPA 


- Operating conditions 
Wellhead Low-tempera- 
separator ture separator 
reas, 
Location pei 
1 Oklahoma 2625 
2 Oklahoma 3150 
est Texas 2500 
Southwest Texas 18¢ 
North Louisiana 2670 
Kast Texas 23: 
South Texas 2800 
North Louisiana 1680 
South Louisiana 2750 
South Louisiana 2900 
South Louisiana 2830 
So. Mississippi 2960 
South Louisiana 2350 
South Texas 2750 


nue over standard methods of production. The producer re- 
alizes seven-eighths of thisamount, or $21,158.59, which represents 
a payout on his investment in less than 6 months. In those areas 
where a greater increase is realized, one can well understand the 
magnitude of the value of low-temperature separation to increase 
hydrocarbon recovery. 

Leaving the practical application and results obtained from low- 
temperature separation and delving lightly into the theory of in- 
creased recovery, Fig. 7 has been prepared to illustrate the source 
of additional hydrocarbons. This chart shows the calculated per 
cent recovery of each well-stream component at a constant pres- 
sure of 500 psi and a temperature range of 10 to 70 F. These 


calculations are based on a final flash in the storage tank at atmos- 
pherie pressure 14.7 psia and a temperature of SO F 

The percentage increase from 70 to 10 F shows hexanes 52 
to 85 per cent, normal pentanes 27 to 62.5 per cent, and iso- 


pentanes 21 to 55 per cent. This explains why with the 


marked increase of the lower vapor-pressure components that 


ULD- HYDROCARBON RECOVERY WITH 
ED TO CONVENTIONAL METHODS 
Additional 


yearly revenue 
per MMCF gas 
value of con- 
densate $2.65/bbl 


Tnerease in 
condensate by 
separation, 
low-temperature. 
bbl/MMCF 


Condensate 
recovery, 
low-temp 

separator, 
bbl/MMCE 


> 


an inerease in butanes and propanes can be realized without 
affecting the stability of the stock-tank liquid. In other words, 
the greater the percentage of pentanes and hexanes recovered the 
greater the percentage of the light ends can be held in equilibrium 
in the stoek-tank liquid. 

Weathering tests run on stock tanks indicate that the stability 
of the distillate produced by low-temperature separation compares 
favorably with that recovered by conventional stage separation 
even though the API gravity is several degrees higher. Some 
tests have even shown a greater degree of stability which may be 
contributed to the stabilization of the liquid hydrocarbons in the 
low-temperature separator as previously mentioned, 

Fig. 8 shows the caleulated condensate recovery as a function of 
pressure and temperature for a well having a distillate content of 
approximately 50 bbl per million eu ft 

These same calculations have been made on well-stream com- 
positions ranging from 10 bbl per million to 100 bbl per million 
cu ft and the relationship to recovery was found to be very uni- 
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form. The important characteristic of this chart outside of be- 
ing an aid in predicting additional recovery is the fact that as the 
separator temperature is decreased the operating pressure also 
must be decreased to obtain maximum stock-tank liquid, As 
shown, the optimum pressure at 10 F is 350 to 400 psi as compared 
to 600 to 700 psi at 70 F. 
Actual field experiences have shown these curves to be conserva- 
7 tive. However, one contributing factor to this is the inability of 
the producer always to maintain a minimum separator tempera- 
r ture on conventional equipment where most low-temperature 
units are supplied with very accurate temperature-control de- 
In those cases where it is possible to colleet in one central loca- 
tion the liquid hydrocarbons from several low-temperature units, 
the use of a stabilizer may be employed to effect a reduction in the 
vaporization losses normally encountered in the flash from the 
_ low-pressure separator to the storage tanks. 

In all cases where low-temperature separation has been applied 
properly, the ability of these units to operate trouble-free at tem- 
peratures well below that possible in conventional separators has 
resulted in a substantial increase in stock-tank liquid. 

CONCLUSION 
In conclusion it cen be said that low-temperature separation 
properly utilized on high-pressure gas-distillate wells will effect a 
greater degree of conservation of our natural resources, make 
available sales gas with a low water-vapor and low hydrocarbon 
; content, and a profitable increase in stable stock-tank liquid. 
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Discussion 


J. A. Newsome, Jr.* Discussion of the subject of low-tem- 
perature separation reflects the interest of engineers in the prob- 
lems of conservation and, incidentally, increasing the revenue 
® Parkersburg Rig & Reel Company, Houston, Texas. A 
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of their respective operations. This group has a broader in- 
terest in engineering than in discussion of purely mechanical 
subjects. Its objective is to further the science of engineering 
and to encourage new and more efficient equipment for practical 
application. In this regard, it is indeed surprising that the author 
does not cover more fully the novelty of the process he is deserib- 
ing and give credit to the operating engineers whose ingenious 
approach to the problem of producing high-pressure gas-distillate 
wells led to our wealth of information concerning the practical 
application of this equipment 

The statement has been made that this process for extracting 
hydrocarbons is not new. This is true only to the extent that 
the basic physieal characteristics of hydrocarbon liquefaction 
were fully understood, even prior to the year 1936 mentioned in 
the paper. It was only some 2 years ago that a commercial 
method and means of applying this knowledge to field conditions 
Since that time some 
200 producing gas-distillate wells have been equipped with this 
type of apparatus. It is indeed regrettable that this process 
was not practiced during the past war period when the demand 
for condensate to be used in aviation gasoline stock was so great. 

When low-temperature separation was attempted, it was 
found that means must be provided to prevent the formation 
of gas hydrates in the mechanical! device used to reduce the pres- 
sure from a producing well to the pressure of the field separator 
and a means provided for handling hydrate formation in the 
field equipment and transportation lines themselves. The 
first problem was overcome when it was shown that the prior 
removal of liquid water would prevent the formation of hydrates 
within the mechanical means used to lower the pressure to the 
desired level. It was not until Mr. A. 8. Parks, consulting en- 
gineer of Houston, Texas, designed a workable high-pressure water 
knockout for removing liquid water from the high-pressure 
stream that the potential use of cold separation became a possi- 
bility. The problem of handling hydrate formation in the 
equipment downstream of the pressure-reduction point was 
overcome by the ingenious thinking of Mr. A. F. Barry, 
formerly with the Superior Oil Company, but presently with 
the Natural Gas & Oil Corporation in Lafayette, La. 

The writer does not think that sufficient credit has been given 
to Mr. Parks and to Mr. Barry by the industry which they have 
helped immeasurably. The novelty of this method and means 
has been fully recognized by the U. 8. Patent Office which issued 


was proposed and reduced to practice, 
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Patent No. 2,528,028 on October 31, 1950, after an examination 
of all prior patents issued relating to earlier efforts to develop 
such a process. The author has done an excellent job of present- 
ing the advantages to be obtained by the use of the Barry process, 
together with the economics. However, in all fairness to the 
engineers involved, it is felt that proper acknowledgment should 
he given to the men who gave this equipment to the industry 

The writer can disagree with the author's contentions in only 
minor detail, such disagreement being mostly in the particularly 
chosen mechanical approach of the various manufacturers of 
this type of equipment 

As in any new endeavor, a multitude of unknown factors face 
We have found from field experience that there 
are problems of equipment design inherently unique in the Barry 
One of the more interesting of these problems is the 
excessive water dew-point depression achieved in the cold sepa- 
rator, A wealth of information obtained from field data has 
been presented to the industry by L. R. Records and D. W. Seely, 
sion of water dew point is a function of both temperature and 


the engineer 


process 


This information leads us to believe that the superdepres- 


pressure in the cold separator and disappears at the predicted 
hydrate-forming conditions as published by Katz.® Various 
explanations of this phenomenon have been proposed, but as 
stated in the paper, the observations of Hammerschmidt seem 
to more closely fit field records. It is recommended that the 
operator consider his pressure and temperature 
conditions in predicting the excessive water dew-point depression 
rather than accept a fixed 10 F depression as proposed by the 


more closely 


author. 

Another interesting problem in the operations of cold-sepa- 
ration units is the stabilizing action of the dual-temperature 
vessel, Each manufacturer of this equipment has his own 
ideas of how best to accomplish this desirable result. Basically, 
it is a problem of preventing the recombination of heavy hydro 
carbon vapors and water vapors which rise from the reheated 
liquefied fractions to the zone occupied by the cold gas. This, 
inherently, is a design problem to minimize the contact area 
hetweon the warm section of the vessel and the cold section. 

Any type of equipment has its limitations and cannot be 
expected to be applied readily to each and every producing well. 
Therefore it is the problem of the engineer to make his equip- 
ment as flexible as possible in order to be able to apply the basic 
method to a wide variety of operating conditions. The removal 
of liquid water from the high-pressure stage and recombination 
of liquefied hydrocarbons in that stage with the gas, both to be 
passed into the cold separator simultaneously, results in a higher 
efficiency of liquid recovery in most cases. This procedure has 
been found to be at a disadvantage under certain abnormal 
conditions such as the production ofa very rich mixture. Hence 
it is advantageous to have available a method of choosing the 

«Low Temperature Dehydration of Natural Gas,” by L. R. Ree- 
ords and D. W. Seely, Jr., AIME T.P. 3022, Petroleum Technology, 
vol. 192, February, 1951, pp. 61-66 

5 “Prediction of Conditions for Hydrate Formation in Natural 
CGases,"’ by DL. Katz, Trans. AIME, Petroleum Development Tech- 
nology, vol. 160, 1945, pp. 140-149 
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form of operations best suited for the particular circumstances 
without additions or alterations to the basic equipment. 

In order more fully to acquaint those interested with pertinent 
operating data, the following additional references are given: 
“Low Temperature Separation,’ by A. F. Barry and A. 8. Parks, 
in World Oil, June, 1950; “Dehydration of Gas at Well Head,” 
by H.S. Reid; “Mechanical Removal of Free Water From High 
Pressure Gas Lines,”’ by A. F. Barry, in World Oil, May, 1949; 
“High Pressure Free Liquid Knockouts,” by L. R. Records and 
D. W. Seely, Jr., Oil Gas Journal, September 13, 1951, and “Low 
Temperature Separation as Applied to Gas-Condensate Produc- 
tien,” by A. W. Francis, Jr., API Rocky Mountain District 
Meeting, Casper, Wyo., April 20, 1951. 


AvuTHor's CLosurs 


The writer herewith wishes to acknowledge the written dis- 
cussion presented by Mr. Newsome and very briefly to delimit 
any misunderstanding which might have been conveyed by this 
discussion, 

In so doing it is believed appropriate to say that no discussion 
of the merits of one manufacturer's unit over that of others was 
anticipated nor required. Neither was the paper delivered by 
the writer expected to pass credit for or against artisans, inventors, 
or manufacturers. 

Neither time nor space permit more than a few brief state- 
ments concerning this matter, and division of credit of discovery 
is not believed to be important in this paper in view of its con- 
troversial nature 

It is not believed that the work of Drs. Lacey and Sage on 
Retrograde Condensation in papers delivered in the early 1930's 
was in vain, Also, one should not ignore the work of A. J. Paris, 
Jr., who obtained several patents, and one in particular in 1919, 
No. 1,320,168, covering the art of low-temperature separation of 
liquid hydrocarbons from gas at elevated pressures by first re- 
moving water, then precooling the incoming gas with the ex- 
panded gas from the system, adding glycerin to lower the dew 
point to prevent hydrates, and separating the resultant liquids 
from the gas stream. 

Numerous uses, papers, and patents on low-temperature hydro- 
carbon recovery from natural gas at high and low pressures, 
including water removal, use ot desiceants, and/or forming and 
removing hydrates with heat or heated gas indicate little novelty 
in the art after the nineteen-thirties. 

Among the foregoing are patents to Wheeless, No. 2,193,309, 
Farris, No, 2,245,028, Foran, No. 2,284,112, ard the use of high- 
pressure water knockouts ahead of high-pressure oil and gas 
separation or high-pressure distillate and gas separation; also 
the use of heat in such separators to melt hydrates was practiced 
generally in the late 1920's and early 1930's, as well as the use of 
low temperatures more effectively to recover the hydrocarbons. 

It should be stated further that much more efficient and com- 
plete separation of hydrocarbons from natural gas may be accom- 
plished at higher pressures and temperatures with old and well- 
known absorption methods, unless resort is had to economically 
produce low temperatures of the order of minus 50 to 100 F. 
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